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Kosmos 60 is today the most talked about 
furnace black for reinforcing natural and synthetic 
rubber. It originates from oil, and its manufac- 
ture is scientifically controlled to meet the highest 


standards. Its superb processing and balance of 
strength make for the best in rubber products. 


UNITED CARBON COMPANY, INC. 
Charleston 27, W. Va. 


New York © Akron ® Chicago ® Boston © Memphis 
Canada: Canadian Industries (1954) Limited. 





PHILBLACK makes rubber do 


tricks for you! 


Your rubber compound “performs” 


better with the proper Philblack. For 
example, using Philblack A helps re- 
move nerve, speeds up processing, 
and improves both the molding and 
extruding qualities of rubber. 

And in the finished product the 
Philblacks are star performers! It is 
no trick for Philblack FE to add much 
more wear to cold rubber tire treads. 

And Philblack I plays a double 
role. It maintains a good balance be- 
tween abrasion resistance and costs 

producing sturdy tires in the 

moderate price range. 

To find out which Philblack will 
perform best for you, consult your 
Philblack technical representative. 
Get complete information about the 
Philblacks, the family of high quality 
carbon blacks with an international 
reputation for good performance! 


*A trademark 


Meer the Prilblacks/ 


DISCOVER WHAT THEY’LL DO FOR YOu! 


Philblack A FEF Fast Extrusion Furnace Black 
Ideal for smooth tubing, accurate molding, satiny finish 


Mixes easily. High hot tensile. Disp rses heat. Non-staining 


Philblack | ISAF Intermediate Super Abrasion Furnace Black 
Superior abrasion resistance at moderate cost, Very high re- 
sistance to cuts and cracks. More tread miles at high speeds 


Philblack O HAF High Abrasion Furnace Black 
For long, durable life. Good electrical conductivity. Excellent 
flex. Fine dispersion. 


Philblack E SAF Super Abrasion Furnace Black 
loughest black on the market. Extreme abrasion resistance 
Withstands aging, cracking, cutting and « hipping 


PHILLIPS CHEMICAL COMPANY, Rubber Chemicals Division, 318 Water St, Akron 8, Ohio 
Export Sales: 80 Broadway, New York 5,N. Y 
West Coast: Horwick Standard Chemical Company, Los Angeles, California 





Entered as second-class matter March 19, 1943, at the Post Office at Lancaster, Pa., under the Act of 
August 24, 1912. Acceptance for mailing at special rate of postage provided lor in paragraph (d-2), 
Section 34.40, P. L. and R. of 1948, authorized September 25, 1940 
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When 


(Quality 


»-- count on 


' i - tinental! 
Control wap e-sente 


Rigid quality control is a key factor in 
Witco-Continental’s 5 modern carbon 
, 
black manufacturing plants. Our job is 
Counts uring 5 i 
to produce uniform products to meet 
your requirements. 


Witco-Continental has developed its 
manufacturing and technical service 
facilities to serve the rubber industry 
better. Our advice and assistance are at 
your disposal. For help with your rubber 
black problems, call your nearest Witco 


36 Years of Growth 


WITCO CHEMICAL COMPANY 
CONTINENTAL CARBON COMPANY 
122 East 42nd Street, New York 17, N.Y. 

Chicago * Boston « Akron « Atlanta « Houston « Los Angeles 
Son Francisco - London and Manchester, England 
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DIPAC" is a new delayed action accelerator designed for modern high tomper- 
ature processing equipment where maximum freedom from scorch is essential. 
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Technical information and samples are available on request 





‘SHARPLES brand CHEMICALS ... products of 


INDUSTRIAL DIVISION, PENNSYLVANIA SALT MFG. CO 
Pennsalt 500 fire Ave Mow York hs . ° 4 pt — 106 4 Mein W. Adres 
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PRODUCT 
DESERVES 











Du Pont 
Rubber 
Chemicals 


DEPENDABLE IN PERFORMANCE 


UNIFORM IN QUALITY 





b.. 1. du Pont de Nemours & Co. (Ine.) 


Elastomers Division 


*t6 us vat OFF 


BETTER THINGS FOR GETTER LIVING 
+++ THROUGH CHEMISTRY 


ACCELERATORS 


L 


ANTI-OXIDANTS 


Akrofiex C 


AQUAREXES 


BLOWING AGENTS 


COLORS 


Rubber Disper 


v er Red PB 
Rubber Red 268 
. ° 
¥ e 


r Yellow 


ree 


ORGANIC ISOCYANATES 
Hylene®M 
ylene®*M.9 


4 ne*T 
Hylene 


PEPTIZING AGENTS 


RPA IN 
RPA IN 
RPA? 
RECLAIMING CHEMICALS 
RPA No. 3 

SPECIAL-PURPOSE CHEMICALS 

Berak = Accelerator 3} agent 

fivat HELIOZONE 
Cepper inhibitor «-872- ng innibitor 
t ts catalyt NBC 


RETARDER Ws Acceler 


r retarder 


weother 


. 
REG 








DISTRICT OFFICES: 
Akron 8, Ohio, 40 E. Buchtel Ave..... 
Atlanta, Ga., 1261 Spring S., N.W... 2008 
Boston 10, Mass., 140 Federal S.. 
Chorlotte, N. C., 427 W. 4th St.. 
Chicago 3, It!., 7 South Dearborn S 
Detro# 35, Mich., 13000 W. 7-Mile Rd 
Houston 25, Texas, 1100 E. Holcombe Bivd 
Los Angeles 58, Calif, 2930 E. 44th St 
Trenton 6, N. J., 1750 No. Olden Ave... 
In New York coll WAlker 5-3290 
In Conode contact; Du Pont Company of Canada Limited, 
Bos 660, Montreal 


. .POrtage 2-846! 
...TRinity 5-5391 

. «HAncock 6-1711 
«~-PRanklin 5-556) 
ANdover 3-7000 
.UNiversity 4-1963 
JAckson 86-1432 

. LUdlow 2-6464 

. -EXport 3-714) 
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“Hot” Puoriex Rubber “Cold” Piuoriex Rubber 
Protected with Wina-Stay § Protected with WinGa-Stay $ 


“Hot” Styrene Rubber “Cold” Styrene Rubber 
Protected with Antioxidant “A” Protected with Antioxidant “A” 


NOTE: All samples exposed to direct sunlight for three weeks 


How to stop the sun 
in its attack on rubber 


Exposure to sunlight can result in premature surface 
hardening and cracking of both natural and synthetic 
rubber goods. But not if you use WING-STay S—the out- 
standing, nonstaining, non-discoloring antioxidant on 
today’s market. 


WING-Stay S is a liquid styrenated phenol. Easily incor- 
porated into dry rubber or latices, it is extremely resist- 
ant to heat, sunlight or extraction by water —provides 
economical protection against aging with a minimum of 


nonstainin ; 
9 discoloration, odor or migration. 


antioxidant 
Compare the test pieces pictured above. They show how 

much more protection WING-STAY S gives styrene rubber 

against direct sunlight than does another 

well-known nonstaining antioxidant. Your 

own tests will give you further proof of its 

superiority. So write, today, for samples and 

the latest Tech Book Bulletins. The address: 


Rubber & 


Goodyear, Chemical Division, Akron 16, Ohio. 
Rubber Chemicais Department 


Chemigum, Plictex, Pliclite,Pliico-Tuf, Pliovic, Wing Stay—T. M's The Goodyear Tire & Rubber Company, Akron, Ohie 


CHEMIGUM «+ PLIOFLEX + PLIOLITE + PLIO-TUF + PLIOVIC + WING-CHEMICALS 


High Polymer Resins, Rubbers, Lotices and Related Chemicals for the Process Industries 
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ADVERTISE m 


RUBBER CHEMISTRY 
AND TECHNOLOGY 


KEEP YOUR NAME AND YOUR 
PRODUCTS CONSTANTLY BEFORE 
THE RUBBER TECHNOLOGIST 





Advertising rates and information about 


available locations may be obtained from 
E. H. Krismann, Advertising Manager, Rub- 
ber Chemistry and Technology, care of E. I. 
du Pont de Nemours & Company, 40 East 
Buchtel Ave. at S. High St., Akron 8, Ohio. 
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@ Philprene: 


VA 
\O rratomae BL, brings you rubber 
v« a la carte! 


Coming up ind just the way you like it! 
You can order from a menu « onsisting of 17 
different Philprene polymers and master 
batches. By selecting the proper Philprene, 
you get the particular characteristics you 
need in your operation 


Tell us what qualities you require physi 
cal properties compound cost rapidity 
of mixing extrusion rate die swell or 
shrinkage Staining, etc. Then let our 
technical representative suggest the proper 
Philprene to use to get optimum results 

We are giad to help you with all kinds of 








technical problems to assist you in the 
Philli s efficient and profitable use of Philprene 
*A trademark 


CURRENT PHILPRENE RUBBERS 


POLYMERS PHILBLACK* MASTERBATCHES 


PHILPRENE 1000 PHILPRENE 1009 
PHILPRENE 1001 PHILPRENE 1018 
PHILPRENE 1006 PHILPRENE 1019 











PHILPRENE 1500 
PHILPRENE 1502 
PHILPRENE 1503 


PHILPRENE 1601 
PHILPRENE 1605 





PHILPRENE 1703 PHILPRENE 1803 

PHILPRENE 1706 PHILPRENE | 806—similar to Philprene 
PHILPRENE 1708 1803 but incorporating 50 parts of 
PHILPRENE 1712 PHILBLACK | 

















PHILLIPS CHEMICAL COMPANY 


Rubber Chemicals Division « 318 Water Street, Akron 8, Ohio 
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... headed fora tall 


Your profits are headed for a fall unless you take 
advantage of ways to lower your material cost 
without decreasing quality Numerous tests and 
actual performance have proved that with the use 
of TEXAS “E’ and TEXAS “M” CHANNEL 
BLACKS alone or in blends with other blacks 
worth-while savings can be made with no loss in 


ultumate performance 


Our customers’ needs present and future, are 
assured by our own nearby natural resources and 


the world’s largest channel black plant 


Sid Richa cdson 


Cc AR BON 


FORT WORTH, a aT 
GENERAL SALES OFFICES 
(VANS SAVINGS AND (04m BUI DIME 
i: AARON 4, OHIO 
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Looking for a cost cutting, 
quality building 
miracle additive ? 


ve VELSICOL 


hydrocarbon resins 
to make better rubber 
products, build 
quality and cut costs! 


Here are the facts! 


PHYSICAL GE-9 AB-11-4 X-30 

PROPERTIES 
Type Thermoplastic Thermoplastic Thermoplastic 

Hydrocarbon Hydrocarbon Hydrocarbon 

Form Solid of Powder Soild of Flaked Solid of Flaked 
Specific Gravity @ 60°F 1.13-1.15 1.09-1.02 - 
Weight per gallon @ 60°F (Ibs 9.41-9.58 9.08-9.33 — 
Bulking Value @ 60°F 0.1044-0.1052 1074-0.1102 - 
Softening Point (Ball and Ring 220°-230°F 220°-230°F 210°-220°F 
Color (Coal Tar Scale 20-22 144% 14 -2* 
Acid No 0-2 0-2 | 0-2 
Saponification No 0-2 0-2 | 0-2 


*Color: Gardner: 10-11; Rosin Scale: |-K 


These resins also have exceptionally good electrical insulation properties, because they are hydrocarbon polymers 
Compatible with a variety of natural and synthetic rubber compounds 
FOR: battery cases, electrical insulation, rubber shoe soles and heels, rubber floor tiling gaskets and jar 
rings, hard rubber compounds, tubular compounds, mechanical goods, rubber adhesives and cements 
reclaimed rubber, molded rubber products, colored rubber stocks 
ADVANTAGES: better milling, calendering, and tubing; more uniform cures, non-scorchy stocks; greater 
toughness, hardness, resistance to tearing, aging and abrasion; improved tensile strength 


and elongation; lower raw materials costs 


Write for 
Technical Bulletin 218. 


VELSICOL 


CHEMICAL CORPORATION 
Dept. 99 330 East Grand Ave., Chicago 11, Iilinols 
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RUBBER COMPOUNDERS: Do you know you can 


PT: 


1200” 
up to 


per carload 
on resin costs 


with PANAREZ 
HYDROCARBON RESINS / 


If you compound rubber, low cost PAN AREZ hydrocarbon resins offer definite advan- 
tages. These softeners are available in any color from Barrett No. 1 to 18, and softening 
point from 40°F. to 300°F. They are supplied in flaked or solid form. Immediate delivery. 


Compounds containing PANAREZ RESINS 


show these characteristics: 


@ Improved color and color stability @ Improved ozone resistance 

@ Improved extrudability @ Improved tear resistance 

@ Improved flex-crack performance @ Improved tensile strength and 
@ Improved abrasion resistance elongation 


No change in compounding technique is required when 
swilching to Panarez resins 


For samples and detailed information, write us, telling the 
intended applicalion 


PAN AMERI N 


corR FP 


555 FIFTH AVENUE, NEW YORK 17, NY. 


RPEDES Pen 
PANAREZ PANAPOL PANASOL 
Hydrocarbon drying oils Aromatic solvents 
- Rasen 
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Ne 


Making Customers 
Feel Like This Is Our Business 


Something new day in the rubber 


business. But 


every 
juggling your formulations 
with new materials doesn’t have to make 
you feel glum. Monsanto's Rubber Service 
Department at Akron keeps tab on every 
new material that comes out; is ready to 
assist you with up-to-the-minute data to 
guide your formulations. Take the job of 
producing a good heat-resistant butyl in 
sulation stock 


The Problem: Produce a high-voltage butyl 
insulation stock 


Here's What Monsanto Compounders Did: 
of Enjay Butyl 218 
GRI-18) containing one part of Sulfasan R 
and compared it with standard butyl for 


Compounded stock 


mulations. 
The Result: The Sulfasan BR stock after aging 
48 hours at 300° F 
strength, 


showed the best reten 


tion of tensile elongation, and 


hardness 


Helping you get the results you want is the 
only way we can sell. You're not interested 
interested in 
That's 


manufacturers of rubber products 


in chemicals; but you are 
performance at lowest possible cost 


why 


their processing and end-product 
with Monsanto. Often, no 
the answer 
to your formulating problem may already 
be on file among the 18,000 
special covering studies 
that Monsanto Akron has carried out for 
rubber processors. Write or call: Monsanto 
Chemical Co., Rubber Chemicals Dept RC-3 
Hi Ee mlock 4-1921), Akron 11,Ohio 


SULFASAN, Reg. U.S. Pat. OF 


discuss 
requirements 
special research is even needed 
more than 


research reports 


telephone 


Accelerators + For fast, slow, and regulated 


rates of safe cure 


Antioxidants + For maximum oxidatior 


resistance 


Specialty Compounds « For special 


processing problems 


MONSANTO 
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ce YAN ARTI De 


ACCELERATORS 
Thiazoles 
MBT (Mercaptobenzothiazole) 
MBT-XXX (Specially Refined — 
Odorless) 
MBTS (Benzothiazyldisulfide) 
NOBS* No. 1 Accelerator 
NOBS* SPECIAL Accelerator 
Guanidines 
DPG (Diphenylguanidine) 
DOTG (Diorthotolylguanidine) 
Accelerator 49 
ANTIOXIDANTS 
Antioxidant 2246® 
Antioxidant 425® 


PEPTIZERS 
Pepton® 22 Plasticizer 
Pepton® 65 Plasticizer 
RETARDER 
Retarder PD 
SULFUR 
Rubber Makers’ Grades 


*Trade-mork 


—_C¥YANAMID _o 


AMERICAN CYANAMID COMPANY 
RUBBER CHEMICALS DEPARTMENT 
BOUND BROOK, NEW JERSEY 








SALES REPRESENTATIVES AND WAREHOUSE STOCKS: Akron 
Chemical Company, Akron, Ohio « H. M, Royal, Inc., 
Trenton, N. J. « H. M. Royal, Inc., Los Angeles, Calif. « 
Ernest Jacoby & Company, inc., Boston, Mass. « Herron & 
Meyer of Chicago, Chicago ill.ein Canada: St. Lawrence 
Chemical Company, Ltd., Montreal and Toronto. 
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CUT CORNERS 
with CABOT’s 


VULCAN 6 SAF 


CARBON BLACK 


For NO-SQUEAL, LONGER WEARING TIRES, 
specify VULCAN 6. Minimize tire squeal and at the same 
time improve the wear of low hardness treads. 
Vulcan 6 provides a single answer to both problems. 
Try Vulcan 6... the CABOT high quality ISAF 


standard of the carbon black industry. 





CHANNEL BLACKS: Spheron 9 EPC © Spheron 6 MPC © Soheron C CC 

FURNACE BLACKS: Vulcon 9 SAF © Vulcan 6 ISAF © Vulcan 3 HAF © Vulcan SC SCF 
Vulcan C CF @ Starling 99 FF © Sterling SO FEF © Sterling V GPF © Sterling | HMF 
Sterling LL HMF © Sterling S SRF © Pelletex SRF © Pelletex NS SRF 

Sterling NS SRF © Sterling @ SRF © Gostex SRF 

THERMAL BLACKS: Sterling FT © Sterling MT © Sterling MT-NS 











* Intermediate Super Abraaion Furnace 


Free Samples, Technical Literature Available 


_ a _ 
CABOT. GODFREY L. CABOT, INC. 
-~ 


77 FRANKLIN STREET, BOSTON 10, MASS. 
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BUTYL 


Enjay Butyl is the super-durable rubber with outstanding resistance to 
aging e abrasion « tear e chipping ° cracking e ozone and corona e 
chemicals « gases « heat « cold « sunlight « moisture 


Know the facts about fabulous BUTYL 


Here are some of the reasons pidly not fade liscolor on exposure to light 

increasing acceptal ‘ njay Butyli or weather 

and more rubber ! 

more industries @ Moldings and extrusions do not crack from 
sunlight or weather « xp 

@ Molded mechanical goods wodly p air appearance and performance 


wure and they re- 
ere and auxiliary Bp! 
made of natural rub! 
{ excellent electrical properties plus 
@ (Good hot tear resistance lu percent 
e to gom corona, moisture al 
: \ cta us «li . 
age of mold removal re) , thus reduces nand abrasion, that is outstanding 
costa 
@ Resists both heat and aging igh It . 
@ Excellent adhesion is obtained to fabrics Re oth heat and nS h el sees 


insulation compoul 
and metals . " : 


Thermal interaction of Butyl with carbon ®@ Low cost immedi 

black improves properties such as abrasion . 
. 7 . Get all the facta by 

and resilience . 

Enjay Compan) 

Non-staining grades of Eenjay Butyl do test 


ing facilities 
Pioneer in Petrochemicals 


ENJAY COMPANY, INC., 15 West 51st Street, New York 19, N. Y. 


Other offices: Akron « Boston « Chicago « Los Angeles + Tulsa 
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Neville Announces 
Nevastain A 


A New Non-Staining Rubber Antioxidant 


with Superior Characteristics 


Nevastain A is an excellent non- 
staining, non-discoloring antiox- 
idant with very low volatility and 
good stability. Synthetic and nat- 
ural rubber compounds using 
Nevastain A have superior physi- 
cal characteristics over those con- 
taining competitive non-staining 
antioxidants. Among its virtues 
are that it does not retard vulcan- 
ization, does not have an acceler- 
ating effect and does not bloom 
uncured or cured stock when used 
in normal quantities. This new 


NAME 


product is being produced on a 
plant scale and is readily avail- 
able and attractively priced. Use 
the coupon below to write for 
Technical Service Report No. 45. 


Neville Chemical Company, Pittsburgh 25, Pa 





Resins — Coumarone-indene, Heat 
Reactive, Phenol Modified Couma 
rone-indene, Petroleum, Alkyloted 
Phenol + Oils—Shingle Stain, Nevu- 
tral, Plasticizing, Rubber Reclaim- 
ing * Selvents—2.50 W Hi-Flash, 
Wire Enamel Thinners 











COMPANY 


ALOEESS 


Git 


NCIORC 





For 
Accelerators, 
Activators, 
Anti-Oxidants 
and 

Special 
Rubber 


Chemicals 


TRY 
NAUGATUCK 


NAUGATUCK supplies a 
complete line of proven 
accelerators, activators, 
anti-oxidants, and special 
chemicals to give you 
thorough control of rubber 
product manufacture and 
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ACCELERATORS 
THIAZOLES — 
M.B-T 
M-B-T-S 
THIURAMS — 
MONEX*? 
MORFEX 
PENTEX* 
DITHIOCARBAMATES — 
ARAZATE* ETHAZATE*t 
BUTAZATE* METHAZATE*T 
ETHAZATE.50D 
ALDEHYDE AMINES — 
BEUTENE* 
TRIMENE* 
XANTHATES — 
c-P-B* 
ACTIVATORS 
VULKLOR 
D-B-A 
ANTI-OXIDANTS 
AMINOX* B-L-E* 
ARANOKX* B-K-A 
V-G-B" FLEXAMINE 
OCTAMINE*® BETANOX* Special 


SPECIAL PRODUCTS 
BWH.! SUNPROOF® Improved 
CELOGEN SUNPROOF® Junior 
CELOGEN.-AZ SUNPROOF® —713 
E-S-E-N SUNPROOF® Regular 
LAUREX* SUNPROOF® Super 
TONOX* KRALAC* A-EP 


SPECIAL PRODUCTS FOR 
SYNTHETIC POLYMERS 
DDM — modifier 


THIOSTOP K&N — short stops 
POLYGARD — stabilizer S. Pat. OF 


THE WORLD'S LEADING 
MANUFACTURER OF 
RUBBER CHEMICALS 


LOOKING FOR... 
Plastics 
Reclaimed Rubber 
Synthetic Rubber 
Latices 


O-K-A-F 


TUEX? 
ETHYL TUEX? 


HEPTEEN BASE* 
TRIMENE BASE* 


Z-B-x* 


DIBENZO G-M-F 
G-M-F 


Reg. t 


Write, on your letterhead, for technical data 
or assistance with any Naugeotuck product. 
trhese products furnished either in powder form or fast 

/ free-flowing NAUGET 


Naugatuck Chemical 





performance. 
Division of United States Rubber Company 
Naugatuck. Connecticut 
IN CANADA NAUGATUCK CHEMICALS DIVISION 


Dominion Rubber Company, Limited, Elmira, Ontario 


RUBBER CHEMICALS « SYNTHETIC RUBBER « PLASTICS « AGRICULTURAL CHEMICALS 
RECLAIMED RUBBER ¢ LATICES e Cable Address: Rubexport, N. Y. 
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Naugatuck NAUGAPOLS 
answer your 


problems in. eeeee 
For products requiring R-S RUBBER 


excellent electrical properties 


and for those items designed for ELECTRICAL 


low moisture absorption, 

NAUGAPOL, butadiene-styrene INSULATION 
copolymers, Specially Processed”’ 

during the finishing operation, is the 

best obtainable. 


Current NAUGAPOL Polymers for electrical applications 


HOT TYPES 
GRADE CLASS END USES 
Staining Standard grade for wire 
and cable and mechanical 
goods. 
Non-staining Crosslinked processin 


aid. Wire cable an 
mechanical goods. 


Non-staining Standard grade for wire 
on cable and mechanical 
goods. 


Staining Low styrene content. Wire 
and cable and mechanical 
goods for arctic service. 


COLD TYPES 
GRADE CLASS END USES 


_ NAUGAPOL 1503 Non-staining Standard grade for wire 

and cable and mechanical 
, goods. 

_ NAUGAPOL 1504 Non-staining Low styrene content. Wire 

' and cable and mechanical 

| goods for arctic service. 


For technical data, information or assistance that will help you in process- 
ing of your rubber compounds, write to us on your company letterhead. 


Naugatuck Chemical 





iS Division of United States Rubber Company 
Naugatuck, Connecticut 


IN CANADA: NAUGATUCK CHEMICALS, Elmira, Ontario * Cable Address: Rubexport, N.Y 
Rubber Chemicals « Synthetic Rubber * Plastics * Agricultural Chemicals * Reclaimed Rubber + Latices 
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HOW YOU BENEFIT WHEN YOU USE 
SUN RUBBER PROCESS AIDS 


SOA ial ; ; Er ease he 4. | 
i 


IF YOU PROCESS BECAUSE 


, 


New low cost! Low 
Oll EXTENDED staining properties 
POLYMERS ; on white goods 
GR-STYPES 1703 | CIRCOSOL-2XH Improves CR S re 
1707 bound. Constant 
1708 uniformity assures 
1801 minimum down 
grading 


Oil EXTENDED Versatile. Highly 


custo | SUNDEXS3 | snesvicn 


1709 natural rubber, re 
1710 | claims, GR-S types 


) f d 
neornena wiv SUNDEX-53 en 


cost elastomers 


True softening by 


REGULAR NEOPRENES CIRCO LIGHT physical changes 
end RUBBER in rubber struc 
NATURAL RUBBER PROCESS-AID ture. Large ques 
- tities absorbed 


without blooming 


i ae Sg OR i 


To learn more about using Sun Rubber Process Aids to get better physicals, 
lower costs, and easier processing, see your Sun representative. Or write 
for your copy of Sun's latest Technical Bulletin describing any of the above 
products. Address SUN Ol CoMPANY, Philadelphia 3, Pa., Dept. RC-10 


INDUSTRIAL PRODUCTS DEPARTMENT 


SUN OIL COMPANY <Suxoc 


PHILADELPHIA 3, PA. 
IN CANADA: SUN OIL COMPANY, LTD., TORONTO AND MONTREAL 
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COLUMBIAN 
CARBON BLACKS 


jor RUBBER COMPOUNDING 


STATEX : 125 ISAF (Intermediate Super Abrasion Furnace) 
STATEX- R HAF (High Abrasion Furnace) 
STANDARD MICRONEX®* MPC 

(Medium Processing Channel) 


M ic RO N EX W-6 EPC (Easy Processing Channel) 


STATEX- B FF (Fine Furnace) 


STATEX- M FEF (Fast Extruding Furnace) 


STATEX-93 HMF (High Modulus Furnace) 
FU RN EX ‘ SRF (Semi-Reinforcing Furnace) 


* COLUMBIAN COLLOIDS - 
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CHARLES GOODYEAR MEDAL AWARD 
FOR 1957 


To all members of the Division of Rubber Cher 

This letter is for the purpose of soliciting proposals for candidates for the 
Charles Goodyear Medal Award for consideration by the Medal Committee 
at the Spring meeting to be held in Montreal, May 15-17, 1957. 


Your proposals should be presented in the form suggested in the Outline 


for Proposal given below, and mailed to the Division Secretary, Dr. Neal, so 
as to reach him not later than April 12 


For your guidance, I am listing below the past Goodyear Medalists and 
also a list of fields not yet fully recognized. Additional awards in fields al- 
ready recognized, e.g., polymerization and ilecanization, are, of course, in 
order. The by-laws do not prohibit the election of a foreign technologist 


| hope that each of you will consider thi 


A. E. Juve, Chairman 
Charles Goodyear Medal Committee 
OUTLINE FOR PROPOSAL OF A CANDIDATI 
FOR THI 
CHARLES GOODYEAR MEDAL AWARD 
1. Name of candidate 


2. Statement of contri! 





3. General statement concerning the importance of such contribution. 


Pertinent publications of the candidate 


» candidate 


ignature of proposer member of the Division of Rubber 


Nor Yet {ECOGNIZED 


have not been fully recognized may be mentioned 


rubber, including kinetic theory, dynamic and electrical properties; 


cement; oxidation; antioxidants; polysulfide rubbers (Thiokol); poly- 
chloroprene (Neoprene vuleanizable copolymers of isobutylene and dienes 
sutyl); cold GR-S and oil-extended GR-S; polyacrylate rubbers; silicone 
rubber mocvyanate inbers reclaiming physi il testing delayed-action 


accelerato! ie rcing fillers; new processing equipment 


HARLES GOODYEAR MEDALISTS 


1941 Davip Spenci A pioneer of rubber chemistry, who did much im- 
portant early work. No lecture given. 


B. Seprecy. Research on antioxidants and accelerators. Lecture: 
The Second Mile’, Industrial and Engineering Chemistry, 1943, p. 736; 
Rupper CHemMistry AND TECHNOLOGY, 1943, p. 715. 


tesearch leading 


W.L. Semon. Synthetic rubber research. Lecture: ‘ 
to commercial butadiene synthetic rubber’, Chemical and Engineering 


Vews, 1946, p. 2900; India Rubber World, December 1946 


Ina WILLIAM Neoprene and overall accomplishments. Lecture: 
“Vuleanization of rubber with sulfur’, Industrial and Engineering 
Chemistry, 1947, p. 901. 

GEORGE OFENSLAGER Pioneer in organic accelerators No lecture 


yiven 


1949 H.L. Fisner. Long in the field of rubber chemistry: over all accom- 
plishments. Lecture Rubber research and the need for a rubber 
research institute in the United States”’ 


Davi Development of the oxygen bomb test for accelerated 
Chemical Abstracts; Ruspper CHEMISTRY AND TECHNOLOGY; 
The Chemistry and Technology of Rubber’ Lecture: “Some 


pioneers of the rubber industry”, India Rubber World, 1951 


W. C. Geer Oven aging test, de-icer for airplanes, encouragement of 
rubber research. Lecture: “Strategy in rubber research’ [Industrial 
and k ngineering Chemistry, 1951 p. 24346 
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1953 


H. FE. Simmons. One of the early and best known teachers of rubber 
chemistry, and an inspirational guidance ol young n Lecture: 
“Out of the past”’ 


J.T. Buake. Research on oxidation and vulcanization. Co-editor of 
“The Chemistry and Technology of Rubber’. Accumulative accom 
plishments. Lecture: “The future of rubber’. Chemical and Engineer- 
ing News, 1953, p. 4290. 


G. 8. Wuirsy. Research on plantation rubber, vulcanization, acce 
lerators, GR-S synthesis, overall accomplishments. Editor of “Syn- 
thetic Rubbers’. Lecture ‘Reflections on rubber research”. In 
dustrial and Engineering Chemistry, 1955, p. S06 


! 


R. P. Dinsmore. Numerous important contributions to rubber 


chemistry and technology ; recipient of honors. Lecture: “Specifications 
for a rubber chemist”. Rubber World, Vol. 134, No. 1 p 57, April 1956. 


S. M. CapweE uu, Contributions to the field of rubber chemicals and to 
the control of vulcanization. Lecture: ‘Scientific Contributions to the 


, 


Rubber Industry”. 








POLYMERIZATION OF VINYL MONOMERS IN 
NATURAL-RUBBER LATEX * 


GEORGE F. BLOOMFIELD AND P. McL. Swir 


Berrien Reusser Propucers’ Res 
Wetwyn Garpen Crry, Henrr 


INTRODUCTION 


Polymerizations of various vinyl monomers dispersed in natural 1 
have been described in the literature Th olve either the admixture 
monomer with a stabilized latex or the addition of an emulsified monot 
latex, followed by the introduction of an initiat which brings about th 


merization of a major proportion of the added monomer under convenient « 
ditions of time and temperature Refinemen n the technique cor 


deammoniating the latex when using systen hich are sensitive to { 
pecific initiators 
flushing with an inert gas in systems sensitive to inhibition by oxygen, and 


monia or to ammonium ions, adjustment of pH to suit 


using a mutual solvent with monomers which are not very soluble in rubber 
tecently it has been shown that when certain organic peroxides are used to 
initiate polymerization of monomers in the presence of rubber, the latter is 
extensively modified by combination with polymer*. In order to achieve this 
desirable state of affairs in a practical latex system, it is necessary that the 


les and that polymerization takes 


monomer is absorbed by the rubber parti 
place within the swollen globules. Otherwise there is a considerable probability 


that polymerization will take place in an emulsified monomer phase without 


i 
involving the rubber, resulting in an intimate rubber-polymer mixture rather 


] 


than a rubber-polymer compound 
In the analogous case of solvent imbibed | syntheti 
sion system, it is generally believed that, in the absence 
solubilizing soap micelles, equilibrium is establishes 
styrene latex of average particle diameter 0.08 p has 
rium with toluene within 30 minutes’. A rat 
rapid to outstrip this rate of solution would not 
Can accordingly by assumed that the polystyre I 
in a state of equilibrium solubility with regar 
present, and that the monomer-polymer ratio in t 
tion is maintained by this equilibrium solubili 
phase exists 
In Hevea latex the rubber particles have 
greater than that of the above polystyrene 
tribution of particle size. Under condition 
merizing methyl methacrylate or styrene 
merization is left to proceed quite rapidly, ar 
already fairly complete within 30 minutes of adding the initiator 
probably sufficiently rapid to outstrip the rate of imbibing monomer 


excess dispersed in the serum It is, therefore essential that the rubber 


* Reprinted from the Journal of Applied Chemiatry, V ges 609-615, November | 
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cles absorb 48 1 I omer 48 possiD ) re poly! l n is started 
A study ha f oraing j ndertak nil whet equilibrium is 
obtained w ! ber latex d me | metl | a guide to the more 
general DeNaVvio! f la K-I komme! m The limited solubility of methyl 
methac in ru r assists th rege ly since a separately emulsified 

momers which are 


EXPERIMENTAL 
rHYL METHACRYLATE WITH RUBBER LATEX 


late in amount not exceeding its solubility limit in 

lized Hevea latex, it first tends to separat into an 

dis ippetr 48 4&4 SCpal ith liquid phase and s00n 

irs on standing This mixing 

within 10-15 minutes, and is 

Kpedited | 6 n 1 prolong standing son martial creaming occurs 
and much later creamed er gel h an unstabilized latex 
confined to rel mall ili ia la cale the pool of liquid 
wer mor low!] and Y is sufficient time for clotting and 
rulatie f the | x In contar ne monom ol With the 
to the latex i ib immonium ef f oleate, stearate o1 


ih ] { j yxid mn i lis} S10! I monomer is a hieved 


“1 
} 
} 
i 


more easily an coagulation, and j i¢ stabilizer is formed in situ 


by adding oleic or s rl 0 mer and stirring the mixture into 


- , : ' 
ammoniated latex ne n dis rsion | un Smooth mixing also occurs 


with already emulsifies nonome! ! ne presen of stabilizer, a proportion 
of monomer substantially exceeding lubil limit of monomer in rubber 
be incorporated without the physical tration of a monomer layer as 


ith similar proportions of monomer in an unst iblized latex 


POLYMERIZATION TECHNIQUI 


The procedure‘ already referred to gives high conversions of methyl meth- 


and styrene in natural-rubber latex Using a commercial methyl 


rylate (Kallodoc) containing 0.01 per cent of hydroquinone it is unnec- 


essary to remove the ibitor. but at the 0.1 per cent hydroquinone level more 


generally used in comme | monome! ! il is essential 


The choice of stabi for is influenced by the end ge of the 
ict; thus for el ical licatie immonium is preferred to 
lor other applications ammonium 

To minimize the likelihood of 


izing BOME ¢ he monome! eparately emulsified phase the amount 


leate 0.5 | 


cent on the rubb s adequats J proportion ol! stabilizer is substantia 


stabilizer should be kept to a m m, and with ammonium « eT 
lly 
increased and especiall onon is emulsified prior to its addition to 
latex, much of the monom pol izes independently of the rubber Ad- 
vantage has been taken of this fac n polymerizi invl acetate in rubber latex 
The presence of rubber or any r polyisoy ) gi irds the poly- 
merization of vinyl acetate® that it is impracticable to polymerize this monome: 
when dissolved in rubb Hence there is little prospect of obtaining a rubber- 


polyvinyl acetate I yund in this way By emulsifying the vinyl acetate in 
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ibber late ¥ it can at poly me rized inde pe nel 


ite rubber-polyvinyl acetate mixture 
Persulfa perborates, hydrogen pere 
peroxide iction-activated organic | 
diazothioethers, diazonium salts and azobis 
to initiate polymerization of vinyl monome 
high conversions at moderate temperatures hay 
iydroperoxides, and polyethylene 
ially suitable, since they do n 
parti ularly sensitive to 
cun hydroperoxides with triethylen 
amine hi been found to give rather bett 
peroxides such as those of p-menthane, di-isopropylbenzene, « 
hexane \ trace of soluble iron is an essential part of a polyamine 
hydroperoxide recipe, and commercial latex concentrate us 
sufficient iron for this purpose. Occasionally, howe, 
necessary to add a trace of iron, and 5 p.p.m. added a 
ia8 also been found essential to add a 
salt to fresh field latex or to purified late) 


yber has a retarding effect on pol 


adequate It } 


and in latex there is a contributory retardati 

Consequently a substantially higher propor 

essary compared with a conventional em on polymerization 
counteract the various retarding influences which increase as the rati ' 
to monomer is increased, the amount of initiator yased onthe rubber content of 
the latex, irrespective of the proportion of rubber to monomer Rather different 
proportions of initiator are required by the different monomers listed in Table | 


Acrylonitrile and vinylidene chloride canne used with amine activation 


in rubber latex, but they have been successfull wlymerized using di 
acetone-ferrous iron activation of tert.-butyl hydroperoxide Acry 
has also been polymerized in rubber latex using other peroxi 

the addition of benzene has been found he 

rubber-polymer combination® Acrylic a 

but it has been pre-emulsified, mixed wit 


of a diazo-initiator 


CHARACTERIZATION OF POLYM 


Owing to e very considerable difference 
, 


parti i latex and the uniformly sma 


emus nl vcomes feasible to examine the 


rographs of material prey 
should reveal the prese: 


its particies 


separation of any free pol 


ion ol polymer-modified 
4) “NY heterogeneit' 


es or trom formation ol! 
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Tape I 


POLYMERIZA ; Recirees ror VARIO MONOMER: 


Cor tior 


{oom temperature 
(exothermic) 
Acrylates 6 hours at 60 
Styrene 6 hours at 55 
Acrylamide Room temperature 
(exothermic) 
. 2 v4 toom temperature 
(exothermic) 


Methacrylates 


Vinylpyridine 


latex This, however, only gives rverall estimate of the amounts ol poly- 
mer bound to rubber and present in the free state, and cannot differentiate 


between free polymer formed inside the latex particles and that formed in a 


separate emulsion system 

A jatex fraction of large particle size is easily obtained by fractional cream- 
ng if the latex is diluted with at least 10 volumes of 0.01—0.02 per cent am- 
monium alginate solution containing 0.5 per cent ammonia Three subse- 
quent creamings from 0.02 per cent ammonium aiginat eflectively remove any 
remaining small particles, and an electron micrograph” of such a fraction 1s 


reproduced in Figure | Figure 2 shows the same latex after polymerization 


y 
f 20 per cent of meth | methacrylate on the weight of rubber, and no small 


particles of separately formed polymer can be 


Polymethy! methacrylate has a specifi yravity greater than unity Con- 
sequé ntly if the large-particle latex 1s mixed with polymethyl methacrylate 
emulsion and recreamed from 0.02 per cent alginate, the larger and lighter rub- 


ber particles rise to the surface while the polymer particles remain in the serum 


Quantitative separation of the rubber and polymer has been achi ved in this 
W ft whereas if the rubber-polymer latex mixture 1s coagulated and dried, the 


ponent ire no long completely parable by fractional precipitation 
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suitable for 


from solution. The creaming method is hie Ol eminently 


separating any free emulsion-polymer p a rubber latex in which a 
| 
Mmonomwmel 


monomer has been polymerized. Tabl 
the largest 


1 


polymerized in a separately emulsified 


TABLE II 


LARGE-ParticLe Hevea Latex: Errecr or Time or Contract or Merny! 
MerHacryLaATe (MM) wirn Russer Berore INITIATING 
POLYMERIZATION, Usinc | Per Cent AMMONIUM 


OLEATE ON RusBER; PEROXAMINE Reciee 


Wt of rubber in latex (g.) 
Wt. of monomer added (g.) 


Poly-M M isolated from 
creamed serum 
Weight (g.) 0.55 1.76 ‘ 1.4 
Analysis: C, “ 62.0 60.4 60.65 60.4 
B, Y $1 8.1] oe | B15 
© ().44 0.36 0.54 0.43 
Mol. wt RS OOO 70.000 120.000 88.000 


Polymer-modified rubber 

isolated from cream: 
Weight (g 

Polymer content (“%)* 


Total poly MM accounted 
for (g.) 
conversion calculated 
i) of polymer formed 
in rubber phase 
in serum 


‘ 


* hatimated fro 
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resents onl 
shorter time req 
Table II] 
Into an untrac ii qd latex 
e polymer particles can be isolated from 
total Hevea latex after polymerization 
hacryl r 100 parts of 
sided sta 


OF MODIFIED 


agent into the rubber particles is the 1 determining 
espect to 


some heterogeneit if with res] 


ected. This has alreae en ol ved in the addition 


TABLE 


LATEX (SECOND aM FRACTIK 


‘D) STABILIZER . NTRATION ON 


MERIZATION IN \TURAL RuBBI 


ization 


both by 
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APPENDIX 
EXPERIMENTAL TECHNIQUI 
PARTICLI SIZ} FRACTION 


To commercial latex concentrate 500 
6 g.) to displace nonrubber substances 
the smaller particle fractions. Water (4100 


| 


d. 0.880) and | per cent ammonium alginate 
the latex was set aside to cream for 4 da 
large particle size The lower serum was 
concentration was raised to 0.025 per cent 


medium-large particle size The alginate 


to 0.05 per cent, givin 

finally to 0.2 

parti les | 

solutions of ap ropriats coneentration ( O02. 0.04. O06 


respective! lwo latex samples so treated ga 


Fraction “ of total rubber 
Ce 
O.04' OAL 
0.03%: O, 0.43 


0.040%: O. 0.58 
0.0% Q), 1.45 


X 
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methyl methacrylate (containing not more than 0.01 per cent hydroquinone 
to which has been added an amount of tert.-butyl or cumene hydroperoxide 
calculated on the basis of 0.2 parts per 100 parte of rubber in the latex. After 
setting aside for y\ a similar amount of tetraethylenepentamine (as a 10 
per cent solution) | red it Stirring is then stopped and the reaction vessel 
is coveres ( 1} reasonably full, no additional precautions are necessary 
to exclude au lymerization should be substantially complete within 2 
hours, during which there is a rise of temperature. The product is then isolated 
by running the latex into at least three times its volume of boiling water con- 
taining 0.5 per cent of formic acid, the resulting crumb being easily filtered or 
centrifuged, wa f lried, and sheeted on a rubber mill 

Certain other monomers may be substituted for methyl methacrylate, using 


the modifications indicated in Table I 


SUMMARY 


Practical methods are described for polymerizing methacrylic esters, styrene, 
and other vinyl monomers in natural-rubber latex. The larger rubber particles 
an appreciable time to attain equilibrium with the monomer diffusing 
into them from a liquid monomer phase dispersed in the serum. Provided that 
substantial proportions ol added surface-active substances are avoided, rubber- 
wolymerized almost entirely within the rubber particles 


oluble monomers can be 


| 
ind the modified latex then contains no yarately emulsified free polymer 


Such conditions favor combination of polymer with rubber. The addition of a 


ifficiently large amount of dispersing agent favors polymerization of emulsi 
fied monomer, with less involvement of rubber In this way there can be 


obtained mixtures of rubber and polymet Wm monomers whose polymerization 


otherwise inhibited by the presence of polyisopr hydrocarbons 
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MASTICATION. PART III. CHEMICAL VERIFICATION 
OF THE MECHANICAL DEGRADATION MECHANISM 
OF COLD MASTICATION * 


G. Ayrey, C. G. Mooreg, ano W WATSON 


Barrisun R Propucens' Rea 


Wetwyn Garpen (1 Heer 


The plasticization of natural and synth 
results irom the degradation ol the macromol 
evidence was present d that such degradati 
of primary carbon carbon bonds in the pr 
cals (R which are stabilized by oxygen t 
Such a mechanism INVOKINE mechanical she 

by Staudinger*, most explicitly by Kau 
systematic mastications under nitrogen 
rad al accept rs to cle monstrate more 
mental observations 

However, Part I provided no direct chet 
inism by demonstrating reaction between the 

molecules Considering that only of tl 
ceceptor is required for radical termination to gi 
all favor ible reactions ind sé nsiti ‘ i! 1 t 


y the basic chemical 


detectin reactions 
| 


The incorporation of radical acceptors 
ition has been demonstrated by the use 
two distinct analytical techniques: (1 
| hydrazyl into natural rubber, using 
orporation of 1,1’-dinaphthyl [S* ]-disu 
il method The incorporation of the ra 
vith extent of degradation me sured a) dee 


tative correlations have been obtained for bot 


1,1-DIPHENYL--2 


I adic al W 


mastication b 
R-+ DPPH 


ost reactive of the ra 
intense color allows spectroscopi 
solution 
EXPERIMENTAL METHODS AND MATERIAI 


/ 1-Diphenyl 4 put jl hydrazyl DPPH DPPH 


tion of the hydrazine in benzen oluti 


* Reprint f J 
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VA8 KINGI ppiles 
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purification, it caused 
arying 
‘ 1 batehe ) cetone proved effective in eliminating 

n benzene in vacuo and on treez 


i the pigment 


Ss 


of DPPH in solution in benzene and after freez 


ion spectrul ( 


the initial DPPH 
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10 ml. benzene 
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intitat comparison of DPPH com 
lated from deer ein molecular weight 


of the DPPH by the rubl For qu 


ith the that calculated { 
DPPH in 10.004 g. rubber was prepared b 
mr 15 


y 
on Sa les were masticated from 0.5 to 15 min 


rure 3 records the spectral properties of the recovered 
, ist 


lit 


utes nder 
hydrazine The curve re spectra calculated from that of Figure 2 on adj 


ment for DPPH combined with rubber by coincidence with the measured ap 


TABLE | 
(‘HEMICAL DeTERMINATION AND PuysicaL Estimates or DPPH 


(‘OMBINI with NATURAL RuBBER ON MASTICATION 
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parent absorption coefficient at 4200 A Agreement with extinction « 
at other wave lengths is within experimental error. The decreas 
extinction coefficients at 4200 A. gives the a ints of DPPH ine 
the rubber recorded in Table I, column 3 

Table I also records the viscosities of the masticated rubbers and the 


lent number-average molecular weights From these physical measure 


the moles of new chains per gram rubber, n viven | 


PAB I] 


COLORATION OF RuBBER ON ON with DPPH 
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‘-APHTHYL DISI 
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pressure 
Reaction 
refluxing 


Decomy 0 


15 pe r cent 


lion of the 


extract 


ollins?® 


B 





RUBBER CHEMISTRY AND TECHNOLOGY) 


uo to con it weigh yield, 239 
mg., 76 per cent rial syntheses with inactive sulfur gay ver-all yields of 
75-80 per cent of substantially pure disulfide, m.p. 87-88°, mixed m.p. with 
authentic sample 87.5-88.5° (found: C, 75.2; H, 4.4; 8, 20.05). The [S*} 
disulfide was dissolved in ethanol and equilibrated under gentle reflux with pure 
inactive disulfide (1.705 xg After three crystallizations from ethanol in a 
flask of Figt pure [S* |-disulfide (1.723 g found: 5, 20.1) was obtained; 
this is signated | }-disulfide | Thi ni rial, when counted as an infinitely 


r ol benzidine sullats see below had a corrected count rate of 2 


a5 
0 


10° counts/minute The radiochemical purity of this material was shown t 





DEGRADATION BY MASTICATION 1135 


be > 97.5 per cent by the following dilution experiments First, [S** }-disulficde 
I (0.1679 g.) was equilibrated in ethanolic solution with pure inactive disulfide 


1.995 g.) and the mixed disulfides recrystallized five tim rom ethanol (40 
ml. per time) to give [S**]-disulfide II (1.728 g Seco S** |-disulfide | 


0.05527 g.) was equilibrated in petroleum ether (b.p. 60-80°) with pure in 
active disulfide (2.602 g.) and the mixed disulfides recrystallized five times from 
petroleum ether (30 ml. per time) to give [$8 disulfide II] (1.590 g.). The 
observed and calculated activities of the diluted [S disulfides are given in 
Table III as count rates of “infinitely thick” benzidine sulfate samples counted 
under standard conditions; the calculated activity is obtained by multiplying 

the activity of [S**]-disulfide I by the appropriate dilution factor 
(3) Polymer Polysar S-50 GR-S was purified by hot acetone extraction 
followed by repeated fractional precipitation from benzene solutions by means 
of methanol and ethanol A middle fraction of the polymer found ©, 0.12 
N, 0.01;5, <0.1) was stored as a 1.5 per cent solution in benzene, under nitro 
gen in the dark During seven months storage the intrinsic viscosity, [7] 
, 


2.32 100 ml./g. in benzene at 25°, showed no ing 


2 


Tassie II 


S*)-Disu_ripe Activiry A {ZIDINE SULFAT! 


1.75 * 10 
168 * 10° 


les for [S**] 1) The Les ¢ infinitely thick 
With a G.E.C. mi id low rer-Miller counter 

Ie yA With high activity san pl if en ounts were taken to 4 

a standard error of less than +1 per | 

less than 100 counts/ minute, sufficient cour 

of less than +3 per cent All count rate 

resolving time of the counter, backgr 

de ay, and sample dilution 

(2) Assay as henzidine s ul fate The 
was used 


(3) Assay as polymer films 2 I 


er cent ] ns ¢ the active polymer in 
benzene were filtered into aluminum trays suppor on glass pl loated 
on mercury in an airtight box. The sampl 7 porated to di 48 unde 
nitrogen at 50-60° and final drying effected in vacuc The volume 

solutions were adjusted to give “infinite! polymer films 

thickness (20 mg./cem.- This value wa 

to be in the “infinite thickness” range for the 

Circular disks (3.5 em. diameter) of the pol 

were cut out from the trays, mounted in 

steel washer (1.8 em. internal diameter 

producible yeometry below the counter wit 

and standard solutions of [S* |-disulfide | 

curve (Figure 8S) was obtained relating 

sulfide I/g. of polymer. Three polymer f 

tion and the mean count rate recorded 
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moles of disulfide combine 
The correlation between the chemical 
combined is given in Table VI, where it is sh 
obtained between the calculated activity 
M, and MM... and the experimentally obse 
substantiate the 1 chanical degradation 1 
for GR-S 
SYNOPSIS 


The mechanism of cold mastication 
proposed by Kauzmann and Eyring, and b 
! 


mechanical rupture of the polymer chain 
stabilized by interaction with radical-accept: 


polymer This mechanism has been verifie t Spectroscopi study of the 


cold mastication of natural rubber with 1,l-d enyl-2-picryl hydrazy| 
radioisotopic tracer study of the cold masticat S using |S’ }-l 
1,1’-dinaphthy! disulfide as the radical-accept oleculs Correlation of th 


decrease in molecular weight of the poly mer and tl 
incorporated during the cold mastication proc 


ing to the mechanical degradation mechanis! 
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MASTICATION OF RUBBER. IV. POLYMERIZATION OF 
VINYL MONOMERS BY THE COLD MASTICATION 
OF RUBBER * 


ANGIER AND W 


or scrssion 


onditions 


ruptured ¢ 1 the polymer 


olecules Qn masticating under 
nitrogen other reactions ol the res 
and m ld rubbers chemical on 


irticular the mastica 


omers Another general n ud of interpolymer 
hain rupture to initiate the polymer- 


ported below 


radi i} Irom ¢ 
entin the rubber being masti 


vith respect to a range of vinyl monomers in 


NTAL MATERIALS AND METHODS 
rubber? with N 0.09% 
was extracted for 16 


move the 1.55 per ce nt of non- 


rubber 


1 mone f re obtained 
Du Pont Ltd.) was extr 
H 5.65% 1 40.0%, : i) YT 7) 1.08 g 
ol Buta- 
1.6 9g 100 
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Vulcaprene 


itated twice from benzene 
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i 
fix ul 


16 hours 


\I 
3.00 4 

the 

he l! imbibition } l 

The amount 


ist bel 


weight 004 
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ill 


nization 


J ore inserti 
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suitable 
OLUMCS We 


oOnorl 


It) bkOTMeT 


ove! bor 0) 


1\ 


rotated 


mastication 

Nerizing & 
ymerizatior 
hed ahye 


ppl 1 
the « 


in natural 


sheeted on a 


in 0.2 per ¢ 


t} p 


TABLE | 


CIBILITY Of 


POLYMERIZATIO 
NATURAI \ 


RUBBER BY 





HEMISTRY AND TECHNOLOGY) 


P aes 
Se POLYMERISATION 





wolymethyl- 
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Tasie III 


MONOMERS AS NONCROSSLINKING RADICAL ACCEPTORS IN 
NATURAL RuBBER MASTICATION 


Additive 

None 
Oxygen (air) 
Benzoquinone, 1% 
Chlorobenzene, 5% 
Dibutyl phthalate, 69, 2.04 
Methyl methacrylate, 5°; 1.60 

1% Q)! 0.46 1.70 
Styrene, 1% 0.48 
Viny! acetate, 5% f 0.53 


concentration determined from the opti al densities at 2620 and 2690 A hex 
tinction coefficients obtained at these wave lengths for purified poly atvrens 


were 2.22 and 1.63 g.~! | m. Synthetic mixtures analyzed correctly fo: 
polystyrene, e.g., for a 20 per cent mixture, 17 per cent after 3 da 
after 7 to 14 days 

sulk viscosity of the masticated mixture was measured by a Wa 
Plastimeter and quoted as W.P. units of sample thi 
period at 100° C under a compression of 12.7 kg 
thickness® of 100 units 


RESULTS 


Vonomers as radical acceptors Monomers must function as radical a 
ceptors to be polymerized by masticating rubber. Radical-acceptor reactivity 


was tested by masticating under nitrogen rubber containing only small quanti 


| 
ties of monomers (i.e., insufficient to cause viscosity changes due to the poly 


mers formed) and measuring either the reduction in intrinsic viscosity or gel 


production The monomers were classified as noncrosslinking or crosslinking 
acceptors depending upon whether they gave rubbers with Huggins’ viscosit 


constants, k’, similar to those obtained on milling rubber with radi 


such as oxygen and thiophenol or gave gels, respectivel Meth 
late and styrene were found to be noncro nking acceptors 


acrylonitrile, and methacrylic acid to be crosslinking 


Tapie LV 


MONOMERS AS CROSSLINKING 
4 
IN NATURAL RUBBER 


Mastic 
ondit 

Chloroprene, 1°, 5 min 
nin 

5 min 

Acrylonitrile 5 min 
min 

min 

min 

min 

min 





RUBBER CHEMISTRY AN] PECHNOLOGY 





MASTICATION-INITIATED POLYMERIZATION 


Tasie V 


Free Rupper AND Free PotymetHyL MerHacryLat 
anp BULK VISCOSITIES AFTER MASTICATION 


Figure | 


Figure 1, 


Figure | 


Figure | 


Jenzoyl peroxide azoisobut 

merization except during the induction pe 

linking-acceptor re ity rather than b 
Owing to ther nilar solubility 

not be determined by direct s lective 

components was bound almost complete! 


portion of the second taken as the fraction ne t lymerized 


was crosslinked by di-tert-butyl peroxide Kperim | Section 


styrene was crosslinked during ymerizatior ivinyl benzene 
thus, 0.25 per cent DVB produced a gel conta 
mer, from wht 1 reproducible fraction of 1 

J ne ‘ LT} “lr conditior 


of roto! adam | ( 1 ) vent 


POLYMERIZATION 57.7%, STYRENI 
NATURAL RUBBER 
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The reaction possessed the unusual negative temperature coefficient associated 


mechanical shear Increase in rotor speed increased the initial rate of 


ymerization, but the potentially greater shear was not effectively realized 
tble VII) be e of thermal softening of the rubber by frictional heat and 


rei tion, mnperature maxima Of 62 and 52 ( we obtained at 76 


$60 r.p.m., respectively Dilution by benzene or carbon tetrachloride pro- 
d primarily ¢ ase in induction period with total liquid concentration 


luction in the later polymerization rate 


4 i¢S88 narked ret | 


Insoluble inter polymers of rubber and monomers The rate of polymerization 

of chioroprene on mastication with natural rubber du increase rapidly with 
5), a8 with methyl methacryla an rem This differ- 

e attributed to differences in th al properties of the 








loroprene-rubber system remained elastic and 
xpected trom the properties of polychloro- 
ible in benzene and the proportion of! 


hloroprene, increased with time 


ethyl acrylate, acrylonitrile 


zea rapidly and completely on 


trogen unless the physical condition 


ntinued plication of sh 
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o POLYMERISATION 
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| | 
20 30 


MASTICATION TIME MIN 


kia, 4 Effect of solvents on polymerization of methyl met 
ethyl methacrylate 38.5% methyl methacrylate \ 
ethacrylate: Celle; (p) 1:1 methyl methacrylate: CeHe a 
ethyl methacrylate: CeHe 


ints rpolymer, comparable with that obtained 
at an initial 25 per cent concentration a hard 


concentration an unyielding material that st 


ates and acrylonitrile produced a rubber 


| ABLI Vil 


RUBBER AND Free Potymeruy, Merna 
AND BuLK ViscosiTies Arrer M 
Figure 3, 
2 


Figure 3, curve 


Figure 3, curve 
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POLY MERISATION 


anhydride®. Samples containing more than 40 per 


after 2 hours milling, a fine powder resembling tale in 

gible so] ibility in benzene and ho cohe rence on he ating 
ler pressure 

olymerizt f | 2 mi. of hyl 

Polymerization of a constant volume of 2 ml. of methy 

4g. rubber gave polymerization-time curves 

as, and intermediate between, those of the two separ- 


Figure 6 The composition ol the poly me rs produced are given 


nerization of methyl methacrylat chloroprene showed ii markedly 
different behavior ( hloroprene had to be used immediately after alkali wash- 
ill 


ing and distillation as a few hours’ standing in air at room temperature or over- 
Tasie VIII 
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Parte IX 


‘ 


POLYMERIZATION OF MONOMERS BY NATU! 


Mor 
Acrylic acid 


Methacry lic 
iu id 


Methyl 
acrylate 

ethyl! acrylate 

Divinylbenzene 


soln. 
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OF eens 


~ 
v 


wed the formation of a volatile impurity that did not in- 
oroprene polymerization but greatly retarded that of 
The rate of polymerization was initially slower than 


r (chlor prene) and passed through a eproducibl 


below 50 per cent polymerization (Figure 8. curve 1) The 


mer 18 given in Figure 7 No loss of chlorine from 
1 Storage’ for 13 da it O° C 
commercial] iva the synthetic rubbers 
rene, polybutadiene-acrylonitrile polyisobutylene, 


id not polymerize monomers on mastication but 


" 
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fo POLYMERISATION 


o 





20 30 


MASTICATION 


merely underwent degradation How 
antioxidant, and a lower molecular 
on mastication (Figure 9 and 
crumbed with all the monomers 
methacrylic acid, and acrylonitril 

Since polyisobutylene and polyester-ar 
tested for the production of polymeric 1 
of typical radical acceptors', their 


after the addition of thiophenol was investiga 


TABLE X 


POLYMERIZATION OF MONOMER 
WITH SYNTHETIC RuBBEI 
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Taste Xl 


¥ SynrTHeTic RUBBER 


0.35 (40 min 
O60 (40 m ) min.) 
Q) (0 mit min 


min 


temperature 

n by the free 

ire of rubber molecules by the applied shear soth 
yperties of the rubber influence the reaction The more 
tructul certain bonds at which 

chain However, this 

he essentially saturated 

» initiate polymerization 

rubbers must alse herent ugh bulk viscosity 
imposition of nd consequent scission. These 
radation ol! rubber by the normal cold masti- 
correspondence exists between 
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CROSSLINKING OF LATEX RUBBER * 


BEVILACQUA 


of rubber 3 


ryé mer of mon res 
pulyl ji i prel 


s behavior that are inexplicable on this | 
ce of small amounts of structures othe han the regular head tail 
f 


iin Ol] 


isoprene Uni 
| 
sloomfiele 


{ 
freshly tapped | x, found that the tree does not continue to build indefinitely 


in the first fundamental study' of the properties of rubber from 
ymer, but that branching reactions occur in a rested tree These 
reactions eventually convert individual latex particles into substantially single 
ri ules of enormous molecular weight Bloomfield also observed that small 
amounts of oxygen are intimately associated with the hydrocarbon, even when 
it is isolated directly from the tree with careful exclusion of atmosphe ric oxygen 
Craig, Juve, and Davidson? have found less certain indications of the presence 
of carboxyl groups, which, if they are present in the rubber in concentrations 
even approaching the amount indicated by their results, must be on side chains 
Watson’ discovered evidence for unique links in the hydrocarbon chain at 
intervals of about 700,000 in molecular weight; these links dissociate at 


“& Ineas- 


urable rate in solution He has suggested that these links may be responsible 
for the slow “‘gelation” of massive rubber Messenger’ showed that this reac 
tion is inhibited by water; samples stored in the presence of desiccants pro 
yressively increased in molecular weight (actually in solution viscosity) and 
finally became increasing!|s insoluble in the usual rubber solvents This has 
recently been substantiated by further work by Wood® in connection with the 
lrechnically Classified’? rubber® program 

A less well known phenomenon, although it is familiar to users of commercial 
latex, is the rapid development of high viscosity and relative insolubility in 
that is obtained from preserved latex. Such rubber may become as 
80-per cent insolubl benzene and have ‘‘Mooney”’ viscosities’ of 

man 100 
During the peri 1Y48—£ f is vision of the United States 
tubber ! mil latex that had been pre 
of an intensive study of preservation 
obtain data which indicate that th 
sity of the rubber (Table 1 
benzene and the Moon 
ving samples of the latex at 
is determined by the conven 
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of rubber supported o1 
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TABLE | 
OF PRESERVATIVE ON GEL AND VISCOSITY 


\ On Cie 


nia* 


ImMNAAAWAH 


1 
i 
j 
9 
l 


° preservative absent 


T Amines other than amnu 
le preservative in latex 68 


There were not available enough high pH latexes containing no ammonia to 
eliminate entirely pH as a factor, but only those latexes containing free am 
monia have the combination of Mooney viscosity greater than 100 and per 
centage gel greater than 30, indicating strongly that ammonia has a specifi 
effect of increasing the extent of crosslinking in the latex rubber 

This is a positive effect—that is, it does not result from inhibition of 
ation by oxygen during storage and handling of the latex The rate of 1 
of oxygen with latex is highest in the range of pH of commercial lat« 
falls sharply when the pH is less than 9. TI ibber from 


bit? 
trees tapped regularly is usually 
of 60to SO Further. the 


been preserved without ammonia 


TABLE 2 


kerrect orf AMMONIA ON Low 
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CHARACTERIZATION OF GRAFT POLYMERS * 


Joserpu A. BLANCHETTE AND LAW ). NIELSEN 
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tending the technique to related materials. The preparation, analysis, and 


physical and mechanical properties of two graft polymers are here reported 


EXPERIMENTAL 
PREPARATION OF STYRENE-RUBBER GRAFT POLYMERS 


naterials w prepared by dissolving a GR-S rubber in styrene mono- 


} — 


then mass polymerizing the solution using a peroxide catalyst. The 


merization was carried out at the reflux temperature in a flask equipped 
h a condenser, mechanical stirrer, and nitrogen inlet tube until the viscosity 
1 pouring (approximately & hours The materials were then trans- 
d to wide-mouth jars which were flushed with nitrogen, sealed, and placed 
an oil bath at 95° C The temperature was gradually increased to 180° C as 
polymerization progressed. Two materials prepared by this technique 
were designated as A and B. When the polymerization was essentially com- 
plete, the temperature of the material designated as B was raised to approxi- 
mately 300° C for 10 minutes. Material A originally contained 10 per cent of 
a substantially gel-free GR-S rubber, while material B contained 6 per cent of 
this rubber 


FRACTIONATION OF A AND B 


Since these materials are heterogeneous mixtures of rubber, polystyrene, 
soluble branched styrene-rubber, and insoluble styrene-rubber gel, the insoluble 
graft portions were isolated by solvent-nonsolvent fractionation. The fraction- 
ation technique here described was designed to resolve the materials into the 
component parts and compare the A and B polymers 

Ten grams of each pol ymer was dissolved in a mixture of 200 ml. of benzene 
and 150 ml. of methylethyl ketone. The undissolved gel was centrifuged out 
The fractionations were then carried out by adding measured amounts of 
methanol, allowing the solutions to stand, and centrifuging off the insoluble 
portions. The gel was extracted until no further material could be removed 
and a totally insoluble fraction remained. Samples of polystyrene and GR-S 
rubber were also fractionated by the same technique. As additional proof that 
this technique is applicable, a mixture of GR-S rubber and polystyrene was 
subjected to the same treatment and was readily separated back into the pure 
components originally making up the mixture 

The results of the fractionations are shown in Figure 1. The weights of the 

ons were 2.231 and 1.306 g., respectively, at 0 ml. of methanol 
A-] (0.547 g.) and B-1 (0.125 2 were obtained at 50 ml] 
were isolated for each material 
s were elucidated and are re ported here since 
mixtures or polystyrene (although the first 
materials such as A,f,;) (see Figures 


NSATURATION PERBENZOI( ACID 


Peracids su : yrmi eracet ind perbenzoic selectively oxidize 
olefinic type bonds to epoxides and glycol iave been found to be suitable 
reayents for the quantitative determina ym | unsaturation The ma- 


terial under consideration is allowed t aul cess of the peracid 
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according to the following equation 


C,.H,COWH + ¢ + (HCOOH 


OHOH 


( ( 


The excess or unreacted peracid is treated with potassium iodide 

ated iodine is titrated with a standard thiosulfate solution A sir 
tion gives the amount of peracid which reacted with an equimolar 
olefinic unsaturation. Perbenzoic acid was chosen for this work | 


relatively stable and more readily adapted to quantitative analys 
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actionation of graft polyn 
The details of this analytical procedure ar »y Kolthoff and Lee 
method for determining the amount of external (1,2 addition) double bon 
GR 5 rubbe r with An accuracy of t 3 pe r cent ‘I his ter hnique is hase 1on 
difference in the rates of reaction of 1,2- and | iddition with perbenzoi 
due to the nature of the substituents on the iri itoms joined by 


bonds Positive groups such as alkyl « 
double bonds (1,4-addition) react faster 
Kolthoff calculated the amount of double bonds oxidize: ifter a specify 
time, seven hours at 25° C, and used one of ee methods® for calculating the 
amount of external « ible bonds 
To find the l amount of ethylenic un 
the reaction to { t comput tion at room te! 
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rubber is also indicated Most of the grafted material appe ired in the gel por- 
tion and the first two fractions. The other fractions were mostly polystyrene 
The grafted material was milky in appearance. Both A and B contained about 
2.5 times as much gel as there was rubber originally added (the original rubber 
contained only about | per cent gel). The B gel settled out more rapidly than 
the A gel, indicating a more tightly crosslinked material 

It is assumed the structure of these gels is similar to that shown in Figure 3 
For such a model, the A gel has polystyrene chains that serve as crosslinks that 
are 1530 monomer units long. The number of rubber monomer units (average 
molecular weight 60) in the rubber chains between crosslinking chains is 
about 267 For the B gel, the poly styrene chains acting as crosslinks contain 


yY 
— | 

4 
~ | 
oO 
oO 
= 
x 
<a 
Ww 
x 
74) 


x0 0 30 6 
TEMPERATURE °C 


918 monomer units while the number of rubb nonomer units between ere 
linked points 18 73 These val { " d pon the titration values of the 
butadiene content If the infrared 11Ue8 ¢ sed instead, the number of rub 
ber monomer units between crosslinks is 385 and 141 for the A and B gel 
respectively The B gel is the more tightly crosslinked structure, in agreement 
with observed swelling characteristics 

Dynamic mechanical tests were made on the A gel and a soluble mill 
fraction Ajf; similar to A-1 in composition Figures 4 and 5 compare the 
namic properties of the graft polymers with polyst, 

The mechanical damping of the 
pe ak at about 100° C is characteristic 
peak is characteristic of a rubber 
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CHAIN SCISSIONS IN A POLYMER NETWORK * 


M. M. Horikx 


Kusyer-Sricutine, Detrr, Tue Nerner_anps 


INTRODUCTION 


Relations between degree of crosslinking and gel fraction in a polymer have 
been derived by several authors’. An important parameter in these relations 
is the crosslinking index y, the average number of crosslinks to which one original 
polymer molecule is linked. The relations have been applied to the determina- 


tion of the degree of crosslinking in linear polymers, but they can be used as 
f 


well to calculate the soluble fraction of the network in a crosslinked polymer 
that has been subjected to a degradation process 

It will be shown in this paper that a simple relation exists between the 
soluble fraction of a network that has undergone scission and the effective 
number of chains in the gel fraction (as determined by swelling measurements) 
The fraction of soluble material in the degraded network is a measure of the 
number O! 8c18810nN8 

This problem bears upon natural-rubber vulcanizates, which give increasing 
amounts of extractable material and increasing degrees of swelling on the ab- 


sorption ol oxygen 


THEORETICAL CONSIDERATIONS 


A three-dimensional network, formed from a linear polymer by a random 
crosslinking process, is subjected to a scission reaction Three limiting cases 
will be distinguished as (a) chain scission at random: (6) severance of the cross- 


links; and (c) directed scission 


CHAIN BCISSION AT RANDOM 


Soth scissions and crosslinks are distributed at random: the final state of the 
pol mer will be inde pendent of the order in which the two treatments have been 
applied. The number of crosslinks remains constant; each monomer unit in 
the chain between crosslinks (and in the loose ends) is equally likely to undergo 
8c issiOn 

This case can be treated if the crosslinking and scission reactions are form- 
ally interchanged The required number of chain scissions is randomly ap- 
plied to the unvulcanized polymer, after which the crosslinks are brought into 
the same positions they would have occupied if no scission had taken place (i.e., 
they are distributed at random among all monomer units of all poly mer mole- 
cules 

If the chain scission has been a random process, the chain length distribu- 


tion’ 18 represented by 
(1) 
* Reprinted from the nal of Polymer Science, Vol ssue No. 93, pages 445-454, March 1956 
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which can be approximated by: 
N, V Be 


in which 1/8 number-average length of the fragments, N, number of 
fragments with length z, NV total number of fragments, and z number of 
monomer units in a fragment. 

It has been shown by Charlesby' that in a polymer with this chain length 
distribution after a crosslinking process in which each crosslink connects two 


monomer units of different molecules, the soluble fraction is given by 


(which is the explicit form of his Equation 7), in which crosslinking index 


of the whole polymer = average number of crosslinked units per original chain 
(or average length 1/8) 
It is evident that the relation 


vo/N 


holds. Here 1/2 »v number of crosslinks per gram of polymer 


number of primary molecules per gram Of polymer ifter the scis 
tion). 
It can also be shown! that the number-average molecular weight of the 


mary molecules, incorporated in the gel 


Mei = Me | 1) 


if Mo number-average molecular weight of all primary molecues, and that 
the cross linking index of the gel fraction is equal to 


Yael 


It follows from (4) that the number primary molecules 
network polymer is given by 


and it is easily shown from (3), (5), and (6) th ‘+ number of 
in the network polymer Poge: (twice the number of crosslinks in the 


by 


i.e., the number of crosslinks in 1 gram of gel y ul he corresponding 
number in the whole polymer by a factor of (1 : The number of “ideal 
chains” is the number of unbroken chains between crosslin VM, of the initial 
polymer is infinite From the relation between s and y¥, in form given by 


Charlesby' 


it follows that (6) can be written as 


V os | 
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It must be stressed, however, that (18) or (18a) are only very approximate, 
as the intricate interplay between crosslink and chain length distributions, and 
the distribution of crosslinks between sol and gel have been neglected. There- 
fore conclusive evidence cannot be based on Equations (18) and (18a). It can 
be expected that at higher values of |} v.2/Ve) the value of 82 will be higher 
than represented by (1%), as the weakly crosslinked portion of the network will 
have gone into solution and the preference for the long chains, present in ran- 


dom scission but absent in directed scission, has lost some of its importance 


EXPERIMENTS 


Numerical data that are available originate from oxygen-absorption experi- 
ments with natural rubber sulfur-Santocure vulcanizates 


Parts by weight 


Smoked sheet 100 
Zine oxide 5 
Stearic acid 


] 
Sulfur 2 
l 
e 


) 


Santocure 
Antioxidant Variab! 
Cure 20 min. at 142” ¢ 


The effective number of chains has been computed from swelling measure- 
ments in chloroform with the help of Equation (11), taking uw = 0.30 (deter- 
mined by comparison of the swelling in benzene and in chloroform of several 
samples of natural-rubber vulcanizates, and using a value of uw = 0.395 for the 
rubber-benzene system 

After swelling at room temperature for 24 hours, the samples (thickness 
1 mm.) were heated in vacuo at 100° C to constant weight, from which the loss 
in weight follows after correction for the content of extractable nonrubber com- 
ponents of the vulcanizate. As, after swelling for 24 hours, both degree of 
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ber of oxygen molecules per s« 
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swelling and we ight loss had become constant i is ned that the whol 


sol fraction was extracted during the swelling 


The experimental results are given in Figure 


8 18 given as a function of the relative decrea 
These results originate from oxygen absorptio 


in air, mostly at 100° C, in the absence or preser 


oxidant and in the absence or presence of 5 
Mn, Ni Zn Pb, Al, Cr, Cd, Tl) that had | 
similar to that of Chovin* 

The calculated curves A, B, and C | ynstructed with the help of | 


tions (13), (16) and (1Sa), respectively, using the | ving ies of the pa 


al 


eters \ » x 10° mole/g v 200 


« La 
10 and s 0.0006 (0.06%, corre sponding to 


initial molecular weight M 200,000 and a 


Therefore 


crosslinks M, 5000 (the data for the undeg 
benzene ~320 weight per cent , in chloroform 
force at 100 per cent elongation 10 kg 
temperature 
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gen molecules absorbed on each 
gen absorbed to moles of 


of the total amount of absorbed oxygen 


DISCUSSION 
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SYNOPSIS 


Relations between the soluble fraction an 
between crosslinks in a three-dimensional net 
tion have been derived, Three limiting cases | 
scission in the chains, (b) scission in the chains 


c) scission of the crosslinks, The number of scission be computed fro 


fraction of soluble material in a degraded network, determined experimentall) 
This procedure has been applied to the oxidation of a natural-rubber vulcani 


zate. In a natural rubber-sulfur-Santocure ileanizate, the scission reaction 
accompanying the oxygen absorption at 100° C does not involve opening of the 
crosslinks, but it remains undecided whether the scission in the chains is directed 
or at random At each chain scission about 5-10 molecules of oxygen are taken 
up by the rubber at 100° C under various conditions, this number being appar 
ently independent of the rate of oxidation, the absences yresence of anti 


oxidants and metal stearates as catalysts, and the oxygen 
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MECHANICAL METHOD OF DETERMINATION OF THE 
VITRIFICATION TEMPERATURE OF RUBBERLIKE 


POLYMERS * 
MARE! 


i 


temperature, rubberlike polymers lose 
id are converted to the solid stats Like the transition 
1¢ vitreous state, such a type of solidification of the 
npa by no phase transitions 
thberlike polymers (natural rubber, polychloroprene, ete.) It 1s 
30 possible to observe solidification in a definite temperature range as a result 
of incomplete erystallization. However, for these polymers also, even in such 
a partially crystalline state, there is a temperature region of transition to the 
amorphous state of the noncrystallized phase 

According to modern concepts, the high elasticity and the low modulus of 
rubberlke polymers are brought about by a relaxation mec hanism of rearrange- 
ment of the ments of the polymer structure during the deformation process, 

with retention of the average distances between them 
Asa result of the weak interaction of the chain macromolecules of rubberlike 
substances at normal temperatures (quasi-liquid state), the individual portions 
of the molecules are able to rearrange during the imposition of an external field 
However, on lowering the te mperature, the decrease of the thermal ene rgy of 
the molecules leads to an increase of interaction among the elements of the 
polymer structurs This is indicated by the fact that deformation of the poly- 
mer does not increase with stress, and equilibrium deformation is not attained 
at once, but only after a certain time interval, which increases exponentially 
with reduction of the temperature Kstablishment of this law of change of the 
elastic deformation u elation to temperature and time should be credited to 


Kobenke leksanare and other investigators, and is an important contribu- 


l 
wlymeric substances 


tion to the science of the mechanical properties of | 


At iently low temperatures, the time of establishment of equilibrium 
deformatir ecomes incommensurably large compared with the time of the 


1 


yolymer acquires the properties of a soli 


I I 
ature le ids to a decrease ol the specifi 


lrawing together of the molecules is in ordinary 
s of the mutual orientation of the u il parts 
The capacity of the elen 
ents determines the hig! 


the polymeric substances 


earrangements of the 
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more thorough cooling, an increase of the density of the polymer proceeds only 
because of a decrease of the average distances between the molecules There- 


fore, a sharp change of the temperature effect of the specific volume of the poly- 
mer sets in during the process of freezing of the structure. The value of the 
coefficient of volumetric expansion changes sharply in the vitrification tempera 


ture range. Moreover, the heat capacity and other physical characteristics of 
the polymer, for example, the mechanical, electrical, and optical properties 


of the apparatus for the det 


perature of rubberlike pol 


polyin 


connected with the change of mobility of the elements of the er structure 


is clear that the temperatu: aependence of an‘ 


also change sharply It ire 1) 
serve as a criterior the determination 


these characteristics may ' 
vitrification temperature of the 
The fixation of the polymer structure does 
temperature, as, for example, in the crystalliza 
but occurs in a certain temperature interval 
of the polymer depends on the method of 
temperature 7’, of the polymer, determined fro 


pols mer 


at a strictly definite 
molecular substances, 

the vitrification point 
ination The vitrification 
the change of the temperature 
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the more rapid 

the vitrification 

al characteristics of the 

of imposition 

ner, whereas rs 

llows that the temperature- 

the solid vitreous state should 
ment of 7 

rification temperature there is 

itself; this temperature is an 

nical properties of 

f their structure. 

4 the vitrification temperature 


made any method which establishes the temperature 


dependence of the relaxation time of th polyme! These methods ar 1) the 


dilatometric method, j neasurement of the volume during slow cool- 
ing of the polym calorit nethod, i.e., determination of the tem- 
perature pendence the heat capacit + vitrification region of the 
polymer; (3) tl lractometric method, i.e., measurement of the index of re- 
fraction of lymer at different temperatures; and (4) the mechanical 
method, L.e., determination of the temperature dependence of the elastic de- 


formation of the polymer 





ation ter 
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The first two methods are characterized b eir complexity and low effi 


ency The refractometric method is used only for clear and carefully purific 


polymers, which limits its application 
The determination of the vitrification t 


mechanical method is based on the measureme! 


heated supercooled polymer sample, under thi 
stress 

The temperature of the transition of the | 
not depend on its molecular weight 
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ing the temperature, first of all, the pl 


result of the formation of a small number of stable secondary bonds between 
parte of the adjacent macromolecules. In such a state, the 


is Similar to vulcanized rubber 


astic deformation is hampered 


Only on more thorough cooling, when 
number of bonds are formed between the macromolecules, does the 
elastic deformation disappear 


Thus, the deformation of a polymer, measured in the vitrification region, is 
of an elastic nature 


The vitrification temperatures of rubberlike polymers were determined by 


the apparatus shown in Figures | and 2 


DESCRIPTION OF THE APPARATUS 


The principle of the apparatus is shown in Figure 2. The stress, which acts 
on the polymer sample A, is applied by 


means of a spiral spring /, fixed in the 
base of a guide screw 2 


The spring presses on the base of the guide screw with 


TABLE | 
VITRIFICATION TEMPERATURES OF POLYMERS 


Po 
Natural rubber (smoked sheet 


Suna 5-3 
Kok-saghyz 


Suna-SS 
Perbunan-26 
Gutta-percl Perbunan-3 
Buna-65 Hycar OR-25 
Buna-32 f Hycar OR-15 
SK-B f ; Neoprene-M 
GR-5 sutyl rubber 
Buna SW Oppanol 
Vistanex 


Cruayule 


0 


a force of 5 kg. In order to decrease the thermal conductivity from the upper 
part of the apparatus to the lower, which is at low temperatures, the guide 
screw 2 is connected with a copper cap 3 by means of a glass cylinder 4. For 
this purpose the lower 5 and upper 6 detachable sockets are connected by a 
thermally insulating porcelain tube ? The lower detachable socket, made of 
cuprite, has an open port for centering the polymer on the copper cap of th 
guide screw 


The outer copper socket 8 serves for uniform cooling of the sample and for 


insulation from contact with the cooling mixtur 
The deformation of a polymer sample is observed by 


reading the indicator 
of the micrometer 


gauge %, fixed in the upper part of the apparatus. The valu 
ol al rometer gauge division 1s equal to 0.01 mm The jaw of the microm- 
The accuracy of the 
reading of the sample exceeds +0.05 per cent, which is entirely 
adequate for determination of the vitrification temperature of the polymer 
with an accuracy of about +1 under conditions of the observance of the 
established rate of heating of the sample 
The ten 


eter is fixed in the covering nut 1/0 of the guide screw 


matior 


iperature of the sample is registered by a sensitive thermocouple /1. 





DETERMINATION OF VITRIFICATION TEMPERATURI 
The end of the thermocouple is fastened at an angle to the surfaces of the lov 
detachable socket near the sample 
Figure 3 shows typical curves of the temperature dependence of the com 


pression deformation of rubberlike polymers in the vitrification region under 


the action of a constant stress. 


VITRIFICATION TEMPERATURE OF RUBBERLIKE POLYMERS 


Vitrification temperature values of rubberlike polymers, obtained b 
of the mechanical method, are presented in Table I 

The vitrification temperature values of the polymers, obtained by m«e 
the mechanical method, did not differ practically from the values foun 
other methods 


TaBLe II 


VITRIFICATION TEMPERATURES OF POLYMERS 
ESTABLISHED BY DirreERENT AUTHORS 


Method of 
measurement \ 


Dilatometric Sekkedahl and Mathe son* 


Calorimetric Ruhemann and Simon 


f t bbe ’ 
Natural rubber Interferometric Wood, Bekkedahl, and Peters* 


from 
to 


NNQwdss 


Mechanical Our data 


Polyisobutylened Dilatometri Ferry and Parks 
{ Calorimetric 

Oppanol 

Vistanex i! Mechanical Our data 

Butyl! rubber 


from —5 Calorimetri« Rands, Ferguson, and Prather*® 
GR-S to 
Mechanical Our data 
Hvcar OR-25 4 37 Refractometric Wiley and Brauer*® 
od | 3 Mechanical Our data 
‘ Calorimetric tSekkedah! and Seott 
Hycar OR-15 : Refractometri« Wiley and Brauer* 
Mechanical Our data 


Comparative data on the vitrification temperatures of several pe 
established by different authors, are presented in ‘ 

It was stated above that the 7', determinations o i polymers, hase 
the measurement of the heat capacity, coefficient of expansion, or index 
fraction of the polymers in the vitrification temperature region, are chara 
ized by lengthiness and by relative complexit The mechanical me 
eliminates these disadvantages, and therefor f much interest in the 
of the temperature interval of elasticity of the polymers 


CONCLUSIONS 


1. A mechanical method nas been developed for the determination of 


vitrification temperature of rubberlike polym: based on measurement of 


compression deformation of polymer samples in the vitrification temperature 
region under a constant stress. 





mperature of the poly: 
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An apparatus for the determination of the vitrification temperature of 
ymers by the mechanical method is described 


The vitrification temperatures of a series of polymers have been deter- 


d. The agreement of results of the determination of the vitrification 


polym y mechanical and by other methods is shown 
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THERMODYNAMICS OF CRYSTALLIZATION IN 
HIGH POLYMERS. GUTTA-PERCHA * 


L. MANDELKERN, F. A. Quinn, Jr., AND D. E. Roperts 


Russer Secrton, Nationa, Bureau or STanpa 8s, WasHIne y, D, ¢ 


INTRODUCTION 


Statistical and thermodynamic methods describing the fusion process of 
semicrystalline polymers have been developed in recent years' and the major 
deductions of the theory have been substantiated by experiment? The the 
oretical analysis has indicated that, due to the nature of a semicrystalline 
polymer, the significant thermodynamic parameters are those which are chat 
acteristic of thestructural repeating unit. Thus an equilibrium melting tempera 
ture 7’,,° is defined as that at which the most perfect crystallites are unstable 
relative to the pure polymeric liquid and is representative of the melting temp 
erature of a macroscopic perfect crystal. Similarly, it is of great utility to 
consider the heat and entropy of fusion characteristic of the transformation 
of polymer repeating units from the crystalline to liquid state rather than the 
quantities applicable to the transformation of the entire semicrystalline poly 
mers. These latter quantities will obviously depend on the relative amounts 
of crystalline and noncrystalline material in the system. To determine melting 
temperatures which are of thermodynamic significance, it is necessary to em 
ploy slow heating rates’ so that sufficient time is allowed for the formation of 
the more perfect crystallites. 

The thermodynamic parameters governing the crystallization behavior of 
natural rubber, cis-polyisoprene, have recently been deduced‘, and it is of in 
terest to compare these results with those for gutta-percha, a trans-polyiso 
prene. A study of the crystallization behavior of gutta-percha is complicated 
by the existence of several crystalline modifications. Two of them occur with 
out the application of any external stress®, while a third recently discovered 
polymorph occurs only when the polymer is deformed®. The polymorphism 
of gutta-percha together with the usual difficulties of establishing equilibrium 
conditions in a semicrystalline polymer have made past interpretation of the 
volume-temperature relations difficult’. However, since it has been deduced 


from studies on other polymers that equilibrium conditions can be approached 
by using slow heating rates, the adoption of this procedure has aided in clarify 

ing the analyses of the data for gutta-percha. Furthermore, an analysis of the 
melting of each of the forms can help establish thermodynamic criteria for their 


relative stability without recourse to kinetic observations, as has been necessary 
in the past®. We shall be concerned solely with the two crystalline modifica 
tions which can occur without the application of external stress. To avoid con 
fusion in their identification we shall term them the low-melting form (LMI 

and the high-melting form (HMF) which correspond to the B- and y-forms 
respectively, in Fisher’s terminology’®. 


* Reprinted from the Journal of the American Chemical Society 
1956 A part of the aterial in this paper wae presented 


Chemical Society, and aleo a part of the work was supported by 


1181 





RUBBER CHEMISTRY AND TECHNOLOGY 


EXPERIMENTAL 


A cake of gutta-percha was received in a vacuum tin from the Tjipeti Rub- 
ber Plantation in the Netherlands Indies and was stored in a dry-ice chest prior 


to use Since a preliminary analysis indicated the sample to contain only about 
94 per cent hydrocarbon, further purification was deemed advisable. A portion 
of the sample was passed through a dry wash-mill several times in order to forma 
heet, and then about 80 g. of the gutta-percha was extracted with freshly dis- 


illed acetone for about 135 hours. The extraction process was conducted in 
the absence of light, as much as feasible, and periodically interrupted to replace 
the acetone About 60 g. of the extracted gutta-pe rcha was dissolved in 8 
liters of toluene to which 0.6 g. of phe nyl-2-naphthylamine had been added 
The dissolution of the gutta-percha and its subsequent precipitation were con- 
ducted in an atmosphere of nitrogen, and the sample was protected from direct 
light After the resulting solution was passed through a coarse sintered glass 
filter, the gutta-percha was reprecipitated by the slow addition of 10 liters of 
distilled ethanol containing 0.4 g. of phenyl-2-naphthylamine. The precipitate 
was collected on sintered glass filters, washed with ethanol and dried in vacuo 
at 35 to 45° for over 30 hours. The gutta-percha purified in this manner was 
sealed with nitrogen in tubes, each tube containing about 3-5 g. of the sample, 
and stored at dry-ice temperatures. These latter precautions are necessary, 
for otherwise rather extensive degradation will occur in a relatively short time 
Chemical analyses’ show that the gutta-percha purified in this manner con- 
tained 98 per cent hydrocarbon, 0.5 per cent acetone-soluble material, 0.05 per 
cent protein, 0.12 per cent insoluble material and 0.29 per cent ash. The 
intrinsic viscosity of the polymer in benzene at 30° was 1.14. An extrapola- 
tion of the results of Wagner and Flory” indicate that the polymer had a 
iscosity-average molecular weight of about 70,000 

The diluents used in this study, n-tetradecane and methy! oleate’, were of 
technical grade and were used as received. Their densities were measured at 
two widely different temperatures and a linear variation between these tem- 
peratures was assumed. The gutta-percha-diluent mixtures were prepared in a 
manner identical to that used for the rubber-diluent mixtures in the previous 
investigation’. Compositions were computed at the melting temperatures of 
the mixtures 

The dilatometric methods” previously described in detail were followed in 
the present work, the dilatometers being immersed in a constant temperature 
bath regulated to within +0.1 The density of gutta-percha was determined 
at 0 and 25°, using the method of hydrostatic weighings” 

The x-ray diffraction powder patterns were taken with a Geiger counter 
x-ray diffractometer with Cu Ka radiation, operating at 40 kv.and 20 ma. The 
x-ray diffraction patterns at elevated temperatures were obtained with a 
camera of the type designed by Mauer and Boltz'*. Temperature control was 
ichieved through the circulation of water from a slowly heated bath set at a 
predetermined maximum temperature, through the coils originally intended to 
ict as cooling coils for this high temperature camera’. The temperature of the 
specimen was recorded by means of an iron-constantan thermocouple placed 
next to it, and is regarded as accurate to +0.5 


RESULTS AND DISCUSSION 


Pure gutta-percha telow the melting temperature of the LMF, the crystal- 
line forms observed de pend on the previous thermal history of the sample At 





u 


0 
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the outset it is important to establish conditions for the formation of each 

the modifications so that the properties studied can be properly attributed. If 
a sample of gutta-percha, after being held at an elevated temperature sufficiently 
long for all crystallinity to disappear, 18 rapidly transte rred to 
maintained at 0° and left to crystallize isothermally 
characteristic x-ray diffraction pattern is obtained 
cated by the dotted lines of Figure 1. The obser 


identified with 6-gutta-percha as defined by Fisher 


i thermostat 
at this temperature, a 
at room temperature) indi 
ved Bragg spacings can by 


for which an orthorhoml 











liffraction patterns for two « alline modificat 


or ryst 
is for LMF; solid line, for HMI 4 


sragg sp 


nit cell of dimensions a 7.84A.,b 11.87 A., ane 1.75 A 
f 1.04 g./ec. has been proposed. Similarly, if the 


and a densit 


same sample is crystallized 


at 55° from the melt, to a pseudoequilibrium value of the degree of erystallinit 


then at room temperature the x-ray diffraction pattern indicated by thi 


lines of Figure | is observed. The Bragg spacings are in agreement with tl 


dimensions a 5.9 A., b Ae oe 92A.,a } 90°, 4 94 


} ) 


reviously observed for y-gutta-percha, for which a monoclinic unit 


2) ind 


/ 


density of 1.05 g./cc. has been proposed The patterns in Figure 1 illustrat 


( 


| 
i 


early the fact that at least two different crystal structures can be acl | 


il ‘ 
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Though the two patterns are quits distinct, the spacings characteristic of the 


LMF have very similar counterparts in the HMF; the HMF on the other 
hand has several spacings which are unique to it 

To determine the melting te mperatures T.,°, of each of the forms, the de- 

of the specific volume on temperature was investigated following the 

n polymorph. For T,,° to be of thermodynamic sig- 


FF 
ff 


| 


pendence 


after crystallization 


lrostatic weighings ® 
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nificance, slo ing rates must be em 
more perfes Cl illine arra Thus uy 
ature was increased in a stepwise manner at 
mperature the heating rate was 
At viven mperature the volume inere 
reached a stant value within the obser 
typical of polymer stems and has recent 
The results observations are illu 


observed ¢ it m are plotted ny 


i 
represent observations after crystallization f 
conditions which allow only the formation 
ing the volume follow rie path indicated 
ol this pol morph occurs at 74 Th eou};r 
after crystallization at 0°, where only the LMI 
circles of Figure 2. The high volumes obser 
ously reported by Leeper and Schlesinger 
experimental observation, since independent 


volume by the method of hydrostatic weig 


solid squares The dotted curve is thus pre 
melting behavior of the LMI The higher 


could be caused by the fact that the rather 
the mercury from completely penetrating 
situation will, of course become 

The rather large increase of speci volum 
diffraction patterns indi isappearal 
LMI This temperature, 64°, is then take 
LMF. During the heating process some HMI 


indicated b the solid ircles in the te miper itu! 


melting temperatures of the respective forms ar yprecial 


of the values reported in the literature indoubted 
of the slow heating rates « mployed in the prese nvestigation 
has been noted with many other poly 
Polymer-diluent mixtures W het 
semicrystalline polymer, its melting 
with the thermodynamic principles 


systems it has been shown that 


All 


where 7, the | 
constant, A//, the | 
ume of the repeatin 
Iraction of! hiuent and x 
BV ,/RT, 
t neighbor 
for the depre 
polymorphs of gutta 
iInteractio! 
form mol 


Thus 
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LTING 


0.000 
0.106 
0.1658 
0.266 
O26 4 
0.4455 
).422 
0.573 


0.000 
0.145 
0.105 
0). 287 
0.5351 
0.446 
0.570 
0.606 


| 
TEMPERATURES . Percua-DiLtuent Mixturs 


] 


With methyl oleat« 


68.5 69 
(6 67 


With tetradecane 


66.5 67 
64.5 04 
61.5 62 


585-59 
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Thus, by studying the dependence of the melting temperature 
forms on diluent concentration, the respective valu 
and by making use of the appropriate melting t 
fusion per repeating unit of each of the forms 

The melting temperature of the HMF in 
or methyl oleate as diluent can be determine 
means The heating rates « Mmploye d were 8! 
polymer, and similar variations of the volum: 
ditions were observed. Typical results of the 
two of the diluent mixtures are given in Fig 
containing tetradecane with a volume fractic 


mixture containing methyl oleate, with a 
ing temperature of the HMF is clearly discert 
of the HMF of all the mixtures studied are 
plott d according to the method suggested b 

j 


represt nted by str sight lines, the slopes ol wi 
so that within the experimental error B 0 for ¢ if the diluent m 
From the interce pts of these plots All, is found to be 3145 + 235 ecal./m 
repeating unit, using methyl oleate as diluent, and 2990 + 110 with tetra 
decane The average value of AH, for the HMF is then 3070 
mole of repeating unit 

The melting temperature ol the LMI ! l 
easily discerned by dilatometric methods 
volume change on melting is relatively diffuse 
from the usual recrystallization phenomena tl 
this, the melting temperatures of the LMI 
sample in an x-ray diffraction unit and obser 
perature intery ils The temperature at which tl ittert 
LMF disapp ared was taken as the melting temperature 
the melting point, determined by the x-ra 
the undiluted polymer. In Figure 4 x-ra 
polymer, crystallized under conditions so th 
obtained at four different temperatures. Fro 
be deduced that me Iting occurred in the rang 
agreement with the dilatometric observatior 
heating the sample from 50-65 This is 
apparently in this system sufficient annealing 
short time Polymer-diluent mixtures give 
Figure 5, where the diffraction patterns at diff 
percha-methy! oleate mixture with v, 0.168 ar 
istic pattern of the LMF persists, while at 59° it 
mixture has been assigned a 7',, of 56-59 | 
LMF, determined by the x-ray method, are 
x-ray results as a guide, further examination of 
in most cases where the melting occurred For 
rise of volume in the vicinity of 50° and its 
identified with the melting of the LM] 

The rather large uncertainties in the 77, « 
cludes a detailed analysis of the data by me 
in accurate determination of A//, for this illine form 
sonable estimate of A//, can be obtained ! gure 6 the meliti 
tures of the gutta-pert ha-methyl oleate mixtures ar plotted again 
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The upper curve, appropriate to the HMF, is calculated from Equation 


using the parameters just deduced, and the experimental points are indicated 
by closed circles. The lower three curves are theoretical ones appropriate to 


the LMF, calculated from Equation (1), using B 


(] 


0 which is characteristic of 
the liquid state of the polymer, and values of A//, equal to all of, three-fourths 
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diffraction patterns of the low 
when mixed with methyl oles 


Fia. 6 Plot ‘ ng peratures 
ethyl! oleate spper eurve for HMI 
$55 and 1570 ca 1 


method, ©; 7m of LMF, x-ray method 


respectively 
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by the vertical lines 
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results 
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This estimation of the 
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though AH/,,’™" could net be determined precisely, as was already mentioned 
it was found nevertheless to be appreciably less than AH ™™*. It is, therefore 
concluded that the LMF is a metastable modification in the temperature inter 
val studied, in agreement with the earlier surmises'’ based solely on kinetir 
observations" 

It thus appears that the thermodynamics of th polymorphism in semi 
crystalline poly mers can be described in a manner similar to the methods used 
for low molecular weight materials. A third polymorph of gutta-percha, pre 
dicted by Fuller’ and by Bunn” and recently discovered by Fisher*, occurs 
only when the sample is stretched The stretching process increases the fre« 
energy of the pure liquid and thus, under these conditions, this modification 
may become thermodynamically favored. Alternatively, prior to deformation 
this modification may be thermodynamically favored, the deformation process 
only serving to favor its crystallization kinetics. This question must remain 
unresolved until the free energy of fusion of this form is evaluated 

The heat of fusion of the HMF is appreciably greater than that of natural rub 
ber, the cis-polyisoprene for which a value of 1050 cal./mole has been reported* 
For low-molecular weight hydrocarbons, the heats of fusion for the isomers in the 
trans-configuration are greater than those for the cis-configuration However 
the differences in the heat of fusion of the two low molecular weight isomers are 
not so great as is observed here for the two polymeric hydrocarbons A pos 
sible reason for the large difference in AH, may reside in the crystal structures 
of natural rubber and the HMF of gutta-percha According to Bunn" the unit 
cell ot natural rubber has four chains passing through it but two are right 
handed chains and two are left-handed chains On the other hand, the unit 
cell of gutta-percha is composed entirely of either right- or left-handed mol 
cules Thus the greater asymmetry of the long chain cts-hydro arbon and its 
effect in the par king of the erystal might contribute to its lower heat of fusion 

The entropy of Tusion of the HMF is calculated to be 8.8 cal. /de g./repeating 
unit or 2.93 cal./deg./single bond. For the LMF the entropy of fusion is cal 
culated to be 7.0 cal. /deg repeating unit or 2.54 ¢ al./deg./single bond These 
are appreciably larger than for natural rubber* where the entropies of fusion for 
the single crystal form observed are 3.46 cal./deg./repeating unit and 1.15 cal 
deg./single bond, respectively, and for other polymers* where the entropy of 
fusion per single bond has been found to be in the order of R 

Although it has been tacitly assumed that the major contribution to the 
entropy of fusion is the configurational freedom gained by the chain units in 
the liquid state, it is also necessary to consider the « ntropy ¢ hange which arises 
Irom the volume Increase whi h occurs on melting I his contribution to the 
entropy of fusion can be calculated” from the well known relation 


(AS /dl iq 
where a is the volume-te mperature coefficient at constant pressure and § is the 
volume-pressure coefficient at constant temperature. Thus 


AS 


where AS, is that portion of the entropy chang: 
j 


the volume increase per repeating unit on melt 


either the erystalline or liquid phases at the mel 
fusion, AS,, can be considered to be approxin 
where AS, is the increase in configurational entrop 
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temperature coefficient ne yvolu -pressure coefficient, and 


ed 
volumes of the liquid and the all-erystalline polymer at the melting 
temperature must phous natural rubber at its melting 
mperature a * om y./bdar and 
). OU ol repeating unit, 
portion of » gain of the configura- 
tional entropy then, 1.7 cal./« mole of repeating unit. Not all 
the quantiti ng equation (6) are known for gutta-percha so only an ap- 
le for AS Taking 5 g./ec. as the density 


proxima leul n n be mace 
20°° and assuming that its volume-temperature 
finds AV, at 74° to be 0.182 em.’ g. ol 

the volume-temperature coefficient 

issume that 

ime as tor 

ibber amorphous gutta- 


not been menssul i ul d ilus ] in error be 


qt uncertaint in j y assume From | quation (6 AS, for the 


HMF of yutta-percha is then. i cal./mole/¢ yiving 5.1 cal./mole/deg. for 


the configurational contribution to the entropy ! fusion Thus the volume 
n melting makes a significant contribution to the observed entropy 


presumably for other 


contributions ha been ob- 


both for natural rubber f i-| cl ind 


iihe polymer! 
in metal ind more! | : low-molecular weight hydrocarbons”? 
mw lite we neral 


entropy change per HMF unit of gutta-percha is still 


three time ! natural ib ir respective meiting tempera- 


According lattics ti mer configurations®® the en- 


me is given by 


disorientatio mol f ynstant volu 


A segment is defined as the size 
freely jointed chain. This is a chain which 
ind the unperturbed root-mean-square displace- 
molecul Unfortunately, from the experi- 
ve calculate the disorientation entropy per repeating 
on with Equation (7) cannot be made However, from 
Kequatior MA can expect that the disorientation « ntrop\ should be greater for 
the more flexib! ii for a chain having a higher value of Z, that is, the 
more disordered tl mcking in the liquid stat Thus, if the packing in the 
liquid state is the same for both rubber and gutta-percha, the results for the 
configurational entrop of fusion indicate that the gutta pere hy 
more flexible in the liquid state Conversely, if the two chain 
the liquid packing in gutta-percha w 
According to Wall’s*’ calculations a 
the normal | id stance wna 
iter extension In 8} than the corresponding 
ind) 


ent, 


ratio ol the 


nd 1.46 for 
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natural rubber and gutta-percha, respective 
potentials hindering rotation about the sing 


more 


the two cases and allow the molecule in the 
compact one The greater flexibility of gutta-percha in qui e would 


then contribute to the larger value observed for , : infi ial 
entropy on melting 

Crystallization kinetics When a sample of gutta-percha 
temperature above the melting temperature of the HMF to any temperature 
below, crystallinity develops in a well-defined reproducible manner when care 
is taken to start with a completely melted sample The isotherms which result 
when the specific volume is plotted against time display the characteristi 
sigmoidal shape that has been observed for a wide vat y of polym ste! 
In the temperature range of 20-60°, the isother: ie various temperature 
are superposable merely by rescaling the time, whi gain is in agreement with 
observations on many polymers”, The rate of tallization depends ver 
strongly on the temperature, as is indicated in ' le Il, where 7,, the time at 
which crystallinity is first observed, is give irious temperature 
depends on the over-all crystallization rate, 1. e nucleation and growth rate 


ranie Il 


Time ror Derecrion or ¢ 
(CRYSTALLIZATION 

) ‘ | i) 
‘Ay Cz j sf) 
$5 ‘ ) 160 
1) 40 
15 2 5 500-1700 
Mi) 


as well as the sensitivity of the crystallinity « ‘ Thus its variation with 
temperature can be taken as a relative measure of the temperature cos ficient of 
the crystallization rate constant 
An examination of the data in Table II as well as the isoth 
that the crystallization rate constant is a smoothl 
perature, despite the fact that x-ray diffractior 
ent temperatures different polymorphs are 
crystallinity develops from the melt at 55° ar 
HMF occurs; at 50 and 40°, both the HMI 
only the LMF occurs. One concludes, theref 
is independent of the form of the polymorp! 


SUMMARY 


The melting t mperatures ol two ol the 


percha and their mixtures with either meth 
were determined by x-ray diffraction and d 
that the melting temperatures of the two for 


ind 74°, respectivel From these studies the 


of the high melting form was deduced to be 


heat of fusion for the low melting modificatior 
to three fourtl ~ | y : i iy Mis I 


metastable one The | s and entropir 
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gutta-percha are appreciably greater than those of the 
carbon, natural rubber 
polymers persists « 


of the ! 


l¢ 


ven when allowance is mac 


volume change accompanying fusion 
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CRYSTALLIZATION AND THE RELAXATION OF STRESS 
IN STRETCHED UNVULCANIZED NATURAL RUBBER * 


TOBOLSKY AND G. M. Brown 


The first observation made in this laborator n 1946 on the effect of 
lization on stress decay at constant extension was mad 
prene GN gum stock It was found that t! 
decay after 100 hours at 35° C and 50 per cent ¢ 
decay of stress to zero stress was observe 
per cent extension. Furthermore, the 
to increase in length spontaneous elongs 
tributed to crystallization. Observations 
stress decay measurements, were pre 
canized natural rubber and for 
rubber? 
It was decided to make a careful study of the ( of temperature 
gation on the stress-decay curves of ur ] a b ist late 
in the temperature region of crystallization om me after these studies were 
completed 


‘ 


two papers have appeared in whicl to zero stress in 


J 
rubber vulcanizates due to erystallization wer In one ¢ 
rather thorough study was made of the de 


a natural rubber vulcanizate at 26° © and maintai four different 
tension ratios Qur own work on unt ly iral rubl 

out at seven different temperatures n the 

at five different extension ratios 

as were used by Gent! There are intere 


between our work and the result reports 


EXPERIMENTAL 


imental methods use 

described 
for elonga 
ture of O an 

The rest 
as the stres 
The abscissa 

In Figure | 
per cent elongation xtension ratio 

25 40 1) ind 50” ( 
shown ior sal pies ma nitained at 
at temperatures of 0 15 


quired to attair zero Stress as ar 
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& 


\ 


that the results of ig : and 2 are in qualitati e accord with the results of 





a \p Q 
WHS >. 


Sekkedahl, who studi he rates of crystallization in unvulcanized natural 
rubber (unstretches dilatometric procedure.” Bekkedahl found that 
there is a maximum erystallization for unstretched natural rubber at 
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> 





We find that the maximum rate 
ratio occurs at a ©; At an extension rat 


less sensitive to temperature, with a flat 
20° C At 50° C the rate of crystallizatic 








ould 


correlats 
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es maintaine d at 


ire shown at 


26° © 


» note 


ratios up to 


siower at an 


crystallization 
irs while the 
the stress decay 


le whitening 


faster ti 
sare xtension ratios 


known to interfere with the 


were completed, the melting 

stress il j tmp 48 

perature was raised, the 
stals melted out until 1 certain temperature 
A hove } ‘ iD ire thie tress 

slinked polymer 


defined temperature which 


melting temperature T, In the 
1.5, the ilues T.,, obtained in 
for relaxation 

These results 


Increasing 


ature Thus 
iperatures that we found were 
10) 5 20°, and O°C 





VISCOELASTIC BEHAVIOR OF POLYISOBUTYLENE 
UNDER CONSTANT RATES OF ELONGATION * 


Tuor L. Smiru 


LABORATORY, CALIFORNIA INeTI? ' yr Ts 


INTRODUCTION 


A variety of methods has been used to study the viscoelastic properties of 
polymeric materials These methods include the response to sinusoidal stress 
(dynamic measurements’), stress relaxation’, and creep under constant load* 


and constant stress* 


The present investigation was made to determine whether 
or not the viscoelastic properties of rubberlike materials over an extended time 
scale could be obtained from stress-strain curves measured at different strain 
rates and temperatures 

Polyisobutylene of high molecular weight was selected for study, since its 
viscoelastic properties have been investigated extensively in a cooperative 
program sponsored by the National Bureau of Standards From the data ob- 
tained, Marvin® has derived the distribution functions of relaxation and of re 
tardation times over a time scale of 10°" to 107 se These functions show 
quantitatively a change in properties from liquidlike to rubberlike to glasslike 
with decreasing time scale 

The equilibrium stress-strain curves for lightly crosslinked rubber and other 
elastomers are closely linear for elongations up to 100 per cent®. The non 
equilibrium (viseoelastic) stress-strain curves for similar and noncrosslinked 
elastomers might be ¢ xX per ted to be linear viscoelastic, as a first ipproximation 
at temperatures above the glass transition, provided the strain and the strain 
rate are not excessively large. Nonlinear viscoelastic effects are usually pro 
nounced for materials in their glasslike state and at large strain 


THEORETICAL DISCUSSION 


The viscoelastic properties of a material when subjected to a constant rat« 


of deformation have been discussed briefly by Alfrey’ and by Sips* The stres 


strain curves can be related conveniently to a generalized Maxwell moe 


infinite number of Maxwell elements connected in parallel) as usually 
stress-relaxation and dynamic data Ifa Maxwell model is subject at zero time 
to a constant rate of strain R, the stress-strair 


S/R i M 


where S is the stress, y the strain, and M(r) the relaxation distribution function 
which is defined such that M(7r) din 7 is the cor ibution to the instantaneous 
tensile modulus of those elastic mechanisms ( relaxation times lie between 
Inr and Inr +diInr. Equation (1) states S/R is a function only of 
y/R. Thus, data obtained at different strain 1 s should superpose to give a 


* Reprinted from Journal of Polyme ence, Vol. 20, 1 eN age Ww, Ay i 
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obtained at different tem- 

ariable scheme which is 

ive re ime temperature 

Tae the model 1s proportional 

By introdu assumptions equation ] 


ibsolute temperature, 7 the temperature at 
ind a7 the ratio of any relax ition time at 7 to its 


m d at different temperatures and strain rates 
on a plot ol log S7 RTay ve log y Ray The quantities 


+/Ray will be termed reduced stress S, and reduced strain ‘, 


S, vs. 7, is a hypothetical stress-strain curve measured at unit 


perature 7 

in be determined from stress-strain data measured at 
Graphs are made of log STo/RT vs. log 7/R, and the 
| s are shifted along a line of unit slope until they 
i function of temperature Is « ilculated from the magni 
similar method has been used to superpose dynamic 
poncrossiinked materials, a7 can ‘ ated from the 
of the steady-flow viscosity’ 


respectively 
derived readily from a plot of 


vith respect to reduced strain, 


duced time SI ! W uivalent 


lent equation 


d log y 1) 


ilculated by using various approxi 
ind use viously 
equation for a typical noncross- 


Qn a log-log plot hi urve has fou! 


ilues 7 he slope 


i] i opera- 
present at intermediate 
unity, and the material ¢ xhibits 
at large values of y,, the slope 


crosslinked materials, the last 
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ethods In 
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upper limit iin rate that can be used 
of the stress wave and the dimensions of a 
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practical anc in the range of 10~° 
measure at a sing! iperaturea 8 izable pe 

J quation (1 vould not be kpecter 

iy low l 4 5 tr insition 

strains) due pronounced nontiine 
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inch were die-cut from the sheets. ‘Tensile data were measured with an Instron 
tensile tester at crosshead speeds of 0.02 to 20.0 in./min. and at ten tempera- 
tures between — 54 and 85° ¢ The specimens were clamped in the Instron by 
compression jaws set, initially, 3.0 inches apart. Temperature was controlled 
by an air thermostat placed around the compression jaws of the Instron 
The recorder of the Instron gives a plot of force vs. time; the time axis is 
directly proportional to crosshead displacement. From the recorded force, 
the stress was calculated on the basis of the initial cross-sectional area of the 
specimen and was then converted to stress based on the actual cross section, as 
described below. The strain in a specimen was calculated from the crosshead 
displacement, using an effective gage length of 3.2 inches. This value for the 
400 em T | 27.60 
STRAIN RATE, sec" 
6 0.104 
oO O0104 
000104 
©) 0000104 


> 
2 


STRESS, dynes/om" x 10° 


2 











STRAIN, y 


train <« 


nal cr 


effective gage length was determined by a photographic method in a separate 
study®, which showed: (1) that the strain in the uniform portion of a specimen 
can be calculated from crosshead displacement, using an effective gage length 
of 3.2 inches, and (2) that this gage length is esssentially constant for elonga- 
tions up to 150 per cent At greater elongations, the effective gage le ngth in- 
creases because the specimen exudes from the compression jaws. It was thus 
concluded |) that reliable strain data could be obtained without the direct 
use of an extensometer and (2) that a constant cross head sper d imposes a con- 


stant strain rate for clongations up to about 150 per cent 


EXPERIMENTAL RESULTS AND DISCUSSION 


The equilibrium stress-strain curve for lightly vulcanized rubber is linear 
for extensions up to 100 per cent only if the stress is calculated on the basis of 
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Data of Figure 2 excel 


the actual cross-sectional area of a specimen 
vected to hold for large vali 
Stress calculated on the 
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and (2) can be exy 
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ratio a This conversion is based on the assumption 


| 


h is true for unfilled rubberlike materials In 


imental results ress based on the actual cross-section 


effect of strain r: n ves at 26.7° ¢ In Figure 
otted as aS vs. y, anc igure 4, as logaS vs. logy. It 
8 dept nd conside )} i the strain rate and that less 


on a plot of as vs. ¥ than on: ; 8. 
stress-strain data obtained at different strain rates superpose 
l}-aquation | plots Ol { aST RT Vs | { y R are shown in 


e temperatures The los R coordinate was shifted 


' 
i 


TEMPER AT URE 
a 


6 o1 ue 
Oo 00:04 10 
9 000104 a? 
© 9000104 a0 

640 


. 
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F 
i) 
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‘ 


( lor convenience in displa Data obtained for elongations 
100 per cent are shown, and good superposition is obtained 
Values of log a7 were obtained by shifting plots of log aSTo/RT vs. log 
Y/R along a line of unit slope until curves for different temperatures superposed 
The distances th \ are shifted, relative to a curve at the standard tem- 
ray The standard temperature was first taken 
to 25 ‘by making a small correction to all 
LLCS 

\ ilues of ar obtained b iti i are shown in Figure 6, where log a7 
7) is plotted against n that the results are in good agreement 
Fitzgerald from the superposition 

ol dynami l ] data The 1 lin Vas { ul Irom equation 5 
which has been obtained from viscosity measurements. Since Marvin® used 


values of a7 calculated from |] quation 5) to combine data obtained in the co- 
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operative research program, the same values were used to construct the reduced 
stress-strain curve, shown In Figu e 7, instead of a7 ilues obtained from data 
t less than LOO per 


superposition Only data obtained at elonga | 


shown in Figure 7 At large values of log 4 s shown to equal 11 


this is the value for Trouton’s coefficient of cous traction at 25° C, w 
equals three times the Newtonian viscosit supe 
wi t temperatures 


rpose on the 


duced plot satisfactorily except the data obta 
CC), where Mquatior ma 
wtonian flow 


near the glass transition 71 not be 
Although polyisobutylene shows marked ne 
these so-called non-Newtonian properties shou it affect tl 


of the data in Figure 7. The reduced stress 


a 
100 60 & 40 20 ° -20 
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apparent Viscosity Mo, | stress divided b 


has dimensions of time (the reciproe il of the 
the plot in Figure 7 is formally the same 


shows the depends nce Ol mg On strain rate 
Irom appare nt iscosity in that reduced stre 
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while appar nt osit refers to a stead 


Witt’ have found it the reduced-variable 
data, m Ilred at different str: 
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ViIs¢ osity 
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that the cur f log mn, vs. log FR for a 20 pr 
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requ neies and rain rates the d nail 
the steady Viscosit A recent theor 
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ADIABATIC STRETCHING AS A METHOD OF 
INVESTIGATION OF THE ELASTIC 
PROPERTIES OF RUBBERLIKE 
MATERIALS * 


M. P. Vorinov anp E KUVSHINSKII 


Kvidence of the kinetic nature of rubber elasticity is for the most part de 
rived from data on the relation between the temperature and the forces de 
veloped in rubber compounds held under constant elongation throughout a 
test'!. Thus our concept of the nature of rubber elasticity is based, as a rule 
on data which throw only an indirect light on the principles governing the tran 
formation of work into heat and heat into work—-data which are of value only 
when the experimental conditions are reproducible and may be considered to 
represent thermodynamic equilibrium 

In addition to this, no study has been made of et thermodynal 
effects which would enable one to determine the natu f elasticity of 
nizates deformed at finite rates, i.e., under conditions where no thermod 
equilibrium exists. The reason for this apparently lies in the man 
mental difficulties, and, in addition, in the failure t« al ‘the po ibility 
inalysis ultimately based on thermodynamics and on purely molecu 
siderations 

The heat effects resulting from stretching rubber were first studied | 


Joule? about a century ago. However until recent such investigation vere 


independent of any study of elastic characteristics Only James and Gutl 
have used the data of Dart on the Joule-Gough effect to confirm the qu: 


rather than the quantitative kinetic origin of tl 


] 


similar conclusion regarding the nature of rubber ¢ 


hy Wiegand and Snovder * from an analysis of wor \ i ther rubber pen 
a unique heat machine in which rubber ser he working part 
In conditions of dynamic stress it is essential t idy the principle 


underlie the reverse transformation of the heat liberated during elongati 


into work. If the internal energy of rubber is governed primarily by 


perature of the vulcanizate and depends little on its deformation 


less how reversible the elongation proce ry 


elongation or compression) under isothermal conditions will appar 
the heat Ag (liberated or absorbed Under adiabatic conditions 
deformation is related directly to the correspond rt ing n ten 


ace ording to the equation 


where A is the wor 


heat Capa t 
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equivalent of heat. Kvidently this 
and the compression stroke. In some 
become. oriented with such regu- 
zes’’ under strain. In this case the 
of the work performed on the body 
forces as well as the work of internal forces of inter- 
heat liberated will be greater than the work done on 
plainly seen in the form of the equation: rCAt Aq 


the internal work A and the heat Aq, 
id differs in its elastic behavior from the 
when stretched 
the processes should develop in the opposite direction. 
ersible processes is revealed when the work done by com- 
pression is | i that by elongation. The cooling during compression will 
then | ) idingly less than the heating during elongation. Here the 
final po j relation Aq fs A) does not agree with the initial one. Its 
corresponding abscissa and ordinate positions characterize the work trans- 
formed into heat in the course of the whole deformation cycle 
The method o othermal strain is entirely faultless from the theoretical 
point of view, b <perimentally great difficulties are encountered because of 
tv of rubber compounds lor this reason, the method 
preferable In this case the material being tested itself 
eter’ in which the heat is given off during elongation (or 
absorbed during compression 
We set u 1 experimental apparatus by means of which the temperature 
of the rubber samples could be measured at the same time that a curve of their 
elongation was being recorded The first measurements showed that the losses 
of heat ro ing regions were considerable We were compelled to 
irements to insure that the strain was adiabatic 
against losses of heat occasioned by air convection, which 
the experiments, the samples were elongated in a test 
which was kept at a pressure of about 10°? to 10°? mm. 


I 


coupling rod of the machine was connected with the sample 
of a steel bar, which projected into the chamber through an oil 

ement of the rod through the oil seal was achieved without any 
ippreciable loss of vacuum inside the chamber The amount of friction in the 
| 


eal did not exceed 100 grams The pressure inside the chamber was measured 


ctrical discharge 


For the testing, large rubber samples were used having a cross-section of 100 


made by asembling two double slabs, the length of each unit section 


s measured with a differential thermocouple connected 
anometer, whose period o! free oscillation was 5 seconds. 
of the thermocouple was embedded between plies of the 
one section of the sample insuch a way that the thermo- 
onsiderable lengt! Thereby 

mocouple wi was considerably greater than 

jJunet and the rubber A constantan- 

a diameter of 50u, was used 


of copper, and is equal to 
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that of constantan These precautions reduced the flow of heat along the 
wires and minimized local cooling of the material next to the junction 

An insulating cover was placed around the test chamber, through which the 
liquid from the constant temperature bath could flow; this made it possible t 
conduct measurements at different temperatures. The temperature inside the 
chamber remained constant during the tests 


i nanfem”| A 


10 
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The measuring procedure was as follows ril he elongation the mo 
tion of the clamps, the stress, and the temperature of the sample were simul 
taneously recorded. The deflection of the clamps in the special experiments 
was regulated so as to equal the length of one of the unit sections of the sample 

The inertia scheme for measuring the temperature of a samy revented 
mean rate of deformation from exceeding 7 per p econ 

The work done in stretching was determined by graphic integration of 

train curves. This work was compared 
rCAt generated in the sample. Data on the specif and density 
were taken from the literature. The total error in the determination « 
done and in the calculation of the heat effect did not exceed 10 per cent 
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work done in elongation in calories 
of the sample in ( and Aq is the heat 
In Figure 1, parts a, 6, c, and d show the b 
temperatures for unloaded butadiene-acrylonit: 
It is evident that the stre train curves | 
modulus of elasticity is not very high, and cl 
temperature Only a slight hysteresis effect 
pression. The maximum limit for the elong 
cause of lack of stiffness of the compound, the 
For example, the maximum value for the 
calories per cc., and the rise of temperature 
Za °C 


in elongation the heat yene ited corre 


chanical work done on the sample; 
served corresponds to the amount of wor 
to hold true for both loaded and unloaded 
or butadiene-styrene rubber 
By putting these facts together one ma 
kinetic in origin In their elastic behavior 
the kinetic theory of elasticity They differ 
only in the presence of a hysteresis effect 
We likewise studied unloaded compounds of 
and kok-saghyz and two poly hloroprene cou 
The stress-strain curves are S-shaped Phe 
creases rapidly with elongation. The hyster 
of temperature is markedly greater than in the 
temperature of the experiment 
In Figure 2, parts a, b, cand d show examples « 
true of unloaded polychloroprene compound 
The relation Aq = f,(A) has a different c| 
noncrystallizing’ materials. In “crystallizing 


f 


only a reversible generation (or absorption) « 


work done, commencing at a certain degree of e! 
of excess heat, which increases with the elongat 
The latter fact indicates a change in the 
cules, which is connected with partial crysta 
pression we note a retardation in the breakd 
formed By mensuring t} e temperature ad iriftig 
the onset of the crystallizing processes into reg 
quantities of mechanical work 

In all cases the points for the equation 
termination of the experiment, are located 
at a 45° angle from the origin The introduc 
for the inertia of the measuring apparatus | 


this equation, although it does displ 


we have omitted such corrections u 


The experime! | data presented atte 
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CONCLUSIONS 


1. A direct method has been proposed for the study of the elastic character- 
istics of rubber stocks under nonequilibrium deformation conditions. 

2. This method has been successfully applied in the study of the elastic 
characteristics of ‘crystallizing’ and ‘“‘noncrystallizing’’ unloaded rubber com- 
pounds 
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DYNAMIC-MECHANICAL CHARACTERISTICS 
OF RUBBER COMPOUNDS * 


S. p—E Mey anp G. J. vAN AMERONGEN 


Russer-Sricutine, Dew 


INTRODUCTION 


Many rubber products, such as truck tires, vibration dampers 
veyor belts, are used under conditions where the rubber is subjecte: 
pe riodic deformations For this reason great interest attaches to the 
cal properties of various rubber compounds and plastics measured unde 
nating loads 

This subject has not only a practical side but also a theoreti: 
theory has been developed according to which the mechanical beha 
alternating loads can be represented as a combination of elastic and 
deformation 

The models of Maxwell and Voigt are the most familiar ones for the des rip 
tion of this theory’. With this theory the static modulus and the dynamir 
modulus of elasticity can be related to a distribution function of relaxation or 
retardation times Such a relaxation spectrum is very difficult to determine 
exactly by measurement, but various approximate methods of calculation have 
been described? 

The knowledge of the relaxation spectrum is of theoretical interest 
because it makes it possible in principle to calcula nd correl all the 
dependent characteristics, such as creep, relaxa 
The approximate values obtained are too inaccura 
matical calculations themselves too « omplic ated to 

The number of methods employed to me 
characteristics is very large. These investigat 
many directions Many measurements on the te: 
pendence are known Gehman?’ investigated t! 
characteristics of rubber for evibration damp 
pointed out the possibility of the evaluation of the 
analytical purposes, while Ecker’ made measure: 
forcing action of numerous fillers and the effect 
dynamic characteristics of different types of rubber 

Schmieder and Wolf® studied the behavior of a 


and the influence of crosslinking on the properties of natural rubb 
and Ferry® investigated the influence of softeners in synthetics 


softeners on the second-order transition point of natural rubber 
Fletcher, Gent, and Wood” 

The present paper gives a systematic discussion of the test 
dynamic modulus of elasticity of rubber compounds of different 
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of the rubber samples, lrequency, tem- 


SOME PHYSICAL PRINCIPLES 
force acting on the rubber 18 a sinusoidal function ol the 
f then in general the « rmation will also be sinusoidal 
there will be a lacement 6 


id relative deformation € are as follows 





























implitude deformation 


culated by the equation: 


modulus represents the component of E in 


the component of E which is 
deformation k can be regarded 
or damping resulting from the internal 


Ith | qu ition o 
w*7) 


related to the intrinsic vi sity 7 of the rubber 
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Another measure of the damping which we shall also make 
follows is the loss factor 


tan 6 


These ideas and equations are analogous to those in customary us¢ 
trical theory and in ¢ xplaining the dielectric behavior of materials 

The use of th complex dynamic modulus as a material constant has the 
advantage that the behavior of rubber can be calculated in advances provide d 
the modulus is known as a function of the different variables, such as tempera 
ture, frequency, and amplitude, and the conditions are specified Thus, for 
example, the heat build-up in rubber under alternating load, as investigated 
among others, by Springer and by Kainradl and Haendler™’, can be expressed 
in terms of these quantities. It is given by the integral of the work performed 


per evele 


fio sin w:t-d jeg sin (wt 6)} 


and amounts to: 


per second per unit volume. 


METHOD OF MEASUREMENT 


An outline of the methods for measuring the dynamic properties of rubber 
like materials has been given, among others, by Marvin" Many of the types 
ol apparatus have the evident drawback that the test conditions and also the 
nature of the deformation are not sufficiently well defined so that the results 
can be considered only rather roughly approxi ite values 

The oscillatory test apparatus used in our experiments, with which the 
above mentioned test conditions can be determined unambiguous! was devised 
in our Institute by J. A. J. Bronkhorst. It combines the principles of the Stam 
baugh apparatus", in which the rubber is tested under compression, and the 
apparatus ol Dillon, Prettyman, and Hall'®, with which the rubber can be tested 
while under shear loading 

Figure 3 gives a schematic representation of the apparatus, of which a photo 

; 


graph is shown in Figure 4. The two rubber samples K are clamped between 


2 ay 


two solid plate s A and a cross-shaped body B A magnetic vibrator produces 
forced sinusoidal vibrations in B and in a rod on which weights G of different 
sizes can be fastened The whole system is suspended on steel wires In this 
case the rubber is tested under compressive load and used as the spring of a 
vibrating mass-spring system The inertia of the rubber can be neglected 
since the wave length of the vibrations within the frequency range of the ap 
paratus is large compared to the dimensions of the rubber sample 

The use of two rubber sample s (K, K) has the ad intage that the effect of 
any possible nonlinear course of the stress-strain curve is cancelled in such a 
way that the second harmonic vibration cannot appear Push-pull’, Trane 
lator | 

The force required by the vibrator for the oscillation is furnished by the 
current in the driving coil. This current, passing through the resistance R 
produces a voltage which is applied to an os ilograph and which acts on the 
vertical coordinate of the picture screen. The horizontal axis shows the alter 
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Fia. 3 Schematic representation of the vibration apparatus with accessories 


nating voltage from a photocell P. This alternating voltage, which is excited 
by a beam of light ints rrupted by the varying slit S, is a measure of the ampli- 
tude of the rubber sample. The result on the oscilloscope screen is an ellipse. 
The measurement is taken at resonance, that is, with the ellipse vertical. This 
adjustment is made by varying the frequency for a given constant weight G. 
The amplitude is determined either by a microscope or with an electronic strain 
yage!® 

The clamping arrangement A-B is contained in an air thermostat D The 
openings for the connections with the vibrator are sealed with unstressed mem- 


Fis. 4 Photograph of the vibration apparatus with accessories. 
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branes. Besides compressive loading, the rubber can also be tested under 
shear loading. This is done by turning the chamber D 90° in the direction of 
the arrow, without making any changes in the rubber itself. The static initial 
load can be set at any desired value by means of the support plates A 


The whole apparatus 18 mounted vibration-free on rubber 


Freque ney range about 5 to 200 cycles per se 

Temperature range — 40° to 100° C 

Maximum amplitude of alternating force 10’ dynes 

Maximum height (Ao) of the rubber samples 10 mm., maximum diameter 
(Do) 20 mm 

The shape factor is defined as Do/4ho and in all cases lies between 0.1 and 
1.25. 


The components EF’ and E£” of the complex moi s E are determined by 
ins of the described apparatus as follows: 


l S 

fo 2n \ m 

S = E’'(Fo/ho 
Ek” 


resonance frequency (cycles per sec 

stiffness of rubber (dynes per cm 

mass of weight @ (g.) 

compression surface of rubber sample 

height of rubber sample (cm.) 
K force exerted by the vibrator on the rubber at resonance (dynes) 
a amplitude of vibration (cm.) 


COMPOSITION OF THE COMPOUNDS 


Tables I and IT give the composition of the rubber compounds studied The 
Butyl-rubber compound Bz was mixed and vuleanized in the normal manner 
and then once more according to the Gessler hot process'’. In this method the 


TasLe | 
COMPOSITION OF THE NATURAL-RUBBER COMPOUNDS 
(Parts BY WeiGcur) 


As 


Natural rubber 
sheet) 
Vulean-3 (HAI 
Vulean-9 (SAF) 
Spheron-@ (EPC 
Styrene-butadier 
copolymer 
Aniline reain 
Aerosil 
Sulfur 
Tetramethylt! 
Stearic acid 
Zine oxide 
Phenyl-2-naphtl 


leanization tem: ( 
Vulcanization time (mir 
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samples. ‘These values were obtained in a similar manner by shearing experi- 
ments 

The increase in E’ for short samples is a result of the change to a barrel 
shape already mentioned, by which the effective height is less than the true 
height ho’. Long slender samples are only slightly affected by this, so that the 
true EL’ modulus at shape factor zero and e, = 0 results. The shape is without 
effect on the loss factor, since this is the dimensionless quotient of two moduli 
which depend on shape to the same extent. The measurements confirmed this 

The deviation of the G’ modulus in the case of slender samples with low 
values of the shape factor must be attributed to the occurrence of flaws in 
combination with the shearing load In this case a correct value for use in the 
calculations can be obtained at a higher shape factor figure (e.g., 0.8 
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Loss factor and modulus of elasticity of various rubber-HAF carbon 
black compounds as functions of the temperature 
When we compare the values for the EZ’ and G’ moduli obtained by extra- 
polation in this manner it is found that a very good approximation is given by 
equation (11) 
(11) 
The theoretical value is 
(12) 


From Equations (11) and (12) the Poisson ratio comes out u 0.5, the the- 


oretical value for an incompressible material 

If these measurements clearly indicate the incompressibility of an unfilled 
natural-rubber vulcanizate, they are, on the other hand, also a proof of the relia- 
bility of our apparatus. They show in addition that in the explanation of the 
results of dynamic measurements one must observe the necessary caution, 
when the absolute values of the modulus are in question. Static initial stress, 
sample shape, and amplitude of oscillation, whose importance will be discussed 
in more detail, play an important role in this regard. For this reason it is nec- 
essary to carry out dynamic measurements under clearly specified conditions 
Comparative measurements with different rubber compounds should be made 
only under identical conditions 

In the following measurements the experimental conditions are always 
stated The results have not, however, been corrected for shape factor and 


static initial stress 
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INFLUENCE OF TEMPERATURE 
RANGE OF 20” To 100° ¢ 


The influence of temperature in the range 20° to 100° C on the loss factor 
tan 6 and on the two components of the E modulus of natural rubber and GR-S 
(cold rubber) reinforced with HAF carbon black, as well as the influence of the 
HAF carbon black content are shown in Figure 7 (compounds Ay, Ag, Ay, and 
Cy 

The stiffening action appears only at higher carbon black contents, and in 
this region there is a marked rise of the loss factor. The loss factor of GR-S 
(cold rubber) is larger than that of natural rubber 

Figure § shows the dynamic characteristics of Butyl rubber reinforced with 
50 parts EPC carbon black which had been mixed according to the Gessler hot 
process’, For comparison, the results are shown for a similar compound not 
given the heat treatment, and for natural rubber reinforced with the same black 
(compounds Be and Ags 

The loss factors of the Butyl-rubber compounds are considerably greater 
than those of natural-rubber compounds, but this difference decreases markedly 
as the temperature is raised. A surprising and even unexpected effect is the 
much lower £’ modulus of Butyl rubber mixed according to the Gessler hot 
process compared with that shown by Butyl rubber with the normal treatment 
It will be shown that this behavior is observed only at very low amplitudes 


TaBLe III 


EXPERIMENTAL CONDITIONS IN THE MEASUREMEN SHOWN IN Figure 9 


b requen 
Cx 


Natural rubber-50 EP¢ 2 50-110 
GR-S cold rubber-50 EPC 2 f 4-120 
Unfilled Butyl rubber < 20 dF : 30-50 
> 2B) y 1 
Buty! rubber v4) | pC a , 65-145 
Vulkollan ' 40-130 


Static compression e«; was 2% in all cases 
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(0.5 per cent in this case) and that the values of the two moduli approach each 


other at higher amplitudes or even show the opposite relationship 


RANGE DOWN TO 40” ¢ 


The effect of low temperatures on the dynamic characteristics has been 
thoroughly studied on a series of typical rubber vuleanizates. Difficulties are 
the extremely pronounced increase in the 


caused ny 
unstable 


encountered here which are 


E’ modulus at low temperatures. The resonance point becomes 
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temperature 


of elasticity of a natur reair tyrene-butadiene 


(labile) because of this pronounced increase Moreover, because of the limited 
J 


choice of the weights G, it is not possible to hold the fre quency exa tly cor 


within a series of measurements Joth disturbing factors 
to obtain exact 


make ity 
values for the dynamic moduli in the neighborhood of the trans 
ition point Nevertheless, since these factors act in the same direction for the 


different types ol rubber and since the conditi I for each curve are chosen 4 


nearly identical as possible, we can still make comparisons. Table II] shows the 
rubber compounds selected and the conditions of test 


tis i 


Figure 9, in which the 
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temperature range from 20° to 100° C is also included, gives a comprehensive 
picture of the resulte. It shows the familiar maximum in the curve of the loss 
factor in the vicinity of the second-order transition point This maximum, 
which is, moreover, related to a sharp increase of the Z’ modulus, invariably 
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appears at higher temperatures for the synthetic rubber vulcanizates than for 


natural rubber 
The influence of the maximum manifests itself also at higher temperatures. 
The hysteresis losses of natural rubber at room temperature, which are noted 
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to be low compared with those of most synthetic rubber types, are directly re- 
lated to the low temperature position of the maximum 

The temperature at which the loss factor maximum occurs depends mainly 
on the nature of the rubber type. The influence of the different fillers on the 
position and shape of the peak is only slight 

Figure 10 gives the results of measurements on a natural-rubber compound 
with aniline resin*® (compound As) and on a natural-rubber compound with a 
resinlike styrene-butadiene (85/15) copolymer (compound Ay). Compound 
A, shows two maxima in the loss factor, one of which is characteristic of na 
tural rubber, the other of the copolymer. The natural rubber-aniline resin 
compound does not show any second maximum in the temperature rang: 
studied, presumably because the second-order transition point, if this exists at 
all for aniline resin, can be found only at much higher temperatures, 
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ee ee 
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12 Loss factor and modulus of elasticity of » 
compounds as functions of the amplitu 


The existence of a second maximum in the region of the transition tempera- 
ture up to about 150° C makes a compound unsuitable for tires, since because 
of the positive temperature coefficient no thermal equilibrium can be estab 
lished, and therefore a destructive heat build-up can take place 


INFLUENCE OF FREQUENCY 


The frequency dependence of the loss factor and the modulus of elasticity 
for compounds Ay, As, Bi, Be, Be by the hot process and C, is shown in Figure 
11. Only Butyl rubber shows a marked frequency dependence in the measured 
range. This dependence is a result of the strong influence of temperature (se 
Figure 9) on the properties of Buty! rubber 

In general, raising the frequency has an effect similar to that of lowering 
the temperature 


INFLUENCE OF AMPLITUDI 


Many investigators have demonstrated the fact that the dynamic character 


istics are markedly dependent on the amplitude of the vibrations™. Figure 12 
shows this dependence on the amplitude of deformation €, a8 measured on com- 
pounds A;, Ay, A3, C2, and Vulkollan. In these measurements the frequency 
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amplitudes was about 70 cycles per second At higher ampli- 


iat lower The effect of this difference on the E modulus 


practical importance of the observed amplitude dependence lies in the 


ili Cases where niorced rubber compound is exposed to vibra- 


a decrea I il with increasing amplitude which must be 


consideration of vibration dampers designed 
low resonance frequen 1¢ system to be isolated, this is a 


factor, since tl onance frequency is shifted to lower values with 


amplit le 
lactor 18 complet« depen lent on the ratio of the 


lips i 


modulus Although the curve can assume different 


amplitude of about 1.5 pel eent us ty 











shows the results of measurements on Butyl rubber vulcanizates 
i black Although it is known that the modulus at 300 
the Buty | rubber compound tre ited by the Ci ssler hot 


the modulus of the untreated compound, bot! 
ill amplitudes and the hardness are marked! 
pound than they are in the untreated compound 


lower k , modulus ilso oul d b Gessler " we find that 


compare 


althoug! } | do not differ ippreciabls the are nevertheless 
yreater than in f natural rubber 
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With in sing amplitude the EZ’ moduli of the treated and untreated Buty] 
mach each other From the fact that the additional 

, nd shows up o1 hig uplitudes and elonga- 

lude that the n if strong bonds be 

ners has been increased b i¢ heat treatment 


number of weaker bonds has decrease: 
les the composition of the rubber compound there are a number of 
+ , ' 
other factors which influence the dependence of the dynamic characteristics on 


the amplitude 
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HEAT DEVELOPMEDS 


Of primary importance is the rise of temperature resulting from the 


deve lopme nt in rubber under vibration loading Although the he 
is often very small and consequently can be neglected, at greater 
reaches a considerable magnitude, since, according to Equation (6 
in proportion to the square of €, the amplitude of deformation 
Provided X the coefficient of heat conductivity is known, then by u 


quation (6) and making a number of simplifying assumptions (among others 


the absence of lateral heat conduc tion and uniform heat produc tion) the tem 
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perature increase AT in the center of the vibrat 
lated as follows 


AT 


where A represents a factor relating to the iations between tl 
and the theoretical values 
Figure 14 shows the temperature rise mea i thermocouy 
center of the samples is a function of the amp id | compounds of 
rubber (A;) and GR-S cold rubber (C2) with parts of HAF carbor 
The values are those calculated by Kquation 13) with A 0.385 
0.192 * 10° and 0.207 * 10° erg/cm.-sec.-deg.C, respectively As show 
Gui, Wilkinson, and Gehman” and also by the above results, this temperature 
rise is not sufficient to account for the considerable decrease of the KY ane 


1” 


E” moduli for the reinforced compounds represented in Figure 12 (see also 


Figure 7 
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NONLINEARITY 


An amplitude dependence can be attributed to the nonlinear stress-strain 


curve” As already stated, this possibility is excluded by the use of the appara- 


tus described in this work, since, unlike, for example, the Roelig apparatus, this 
one uses two rubber samples, so that the effect of any existing nonlinearity is 
largely balanced out. 

In support of this claim is the fact that with our apparatus force and am- 
plitude are always exactly sinusoidal The material be haves, therefore, as if 
absolutely linear, but exhibits, nevertheless, different characteristics at the 
different amplitudes. 


RUPTURE OF MOLECULAR BONDS 


The pronounced decrease of the EF modulus of the two components is to be 
attributed, as is now generally done, to a third phenomenon, namely, to rupture 
of the bonds in the rubber compound. This rupture can be related both to the 
rubber-filler bonds and to the filler-filler bonds From both Figure 12 and 


TasLe IV 


Dynamic CHARACTERISTICS OF SEVERAL NATURAL-RuBBER COMPOUNDS 


20 100 80° 


Compound C.p. t e.ps C.pas 


N R-unfilled 2: 2: . 2° 0.03 0.03 0.03 0.03 
NR-5O HAI 5 O.15 0.16 0.16 O11 
NR-5O SAI 265 2 7 0.16 0.17 0.17 0.13 
NR-5O EPC 27 . 7 75 0.13 0.14 0.14 0.12 


N R-20°% aniline resin ‘ 0.05 0.06 0.06 0.04 
N R-30°' aniline resin ‘ 183 135 0.065 0.07 0.07 0.06 
NR-40 Aerosil 2 302 2 0.07 0.08 0.09 0.08 
N R-unfilled-Thiuram , ; 7 0.07 0.08 0.07 0.05 
NR-50 HAF-Thiuram 168 182 0.21 0.21 0.21 0.19 


In this table. the abbreviation NR represents natural ru r, and the abbreviation c.p.s. represents 
cycles per second 
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Figure 15, in which the amplitude dependence of natural rubber reinforced 
with aniline resin is shown (compounds As and Ag) it can be seen that the de- 
pendence of the EZ’ modulus of each compound containing reinforcing fillers is 
the same, whereas the modulus of the unfilled rubber compounds (natural 
rubber and Vulkollan) is independent of the amplitude 

The £” modulus of the aniline resin compound behaves differently The 
amplitude dependence is less than it is in the other reinforced compounds. It 
must be assumed that the type of bonds which are here responsible for the 2 
modulus are different from those involved in the other reinforced compounds 


INFLUENCE OF COMPOSITION 


Finally Table IV shows to what degree changes in the composition of the 
natural-rubber compounds can influence the dynamic characteristics The 
measurements were made at (1) two frequencies, viz., 20 and 100 cycles per 
sec. at 25° C; and (2) two temperatures, viz., 25° and 80° C at 70 cycles per 
sec. The amplitude was held constant at 0.5 per cent, the static compression 
at 2 per cent of the height of the rubber samples. The height Ao and diameter 
Do were each 10 mm. 

From Table IV the following conclusions can be drawn 


(1) The type of carbon black used in the rubber compound has a marked 
influence on the £’ modulus. This modulus is high in the SAF and the EPC 
carbon black compounds and smaller in the HAF black compound. The loss 
factor, on the other hand, is approximately the same for all the carbon blacks 
tested. 

(2) Where no carbon black was used as reinforcing filler the loss factor is 
slight. In the case of the light colored reinforcing filler Aerosil, this is to be 
attributed mainly to the high FE’ modulus. For the rubber-aniline resin com- 
pounds both components of the # modulus are small 

(3) The loss factor of compounds vulcanized with tetramethylthiuram di 
sulfide (Thiuram) is nearly twice as great as that of comparable sulfur-contain- 
ing compounds. These compounds show a very great internal heat develop- 
ment in the Goodrich flexometer 


SUMMARY 


Since rubber articles are often exposed in service to small periodic deforma 
tions, great interest attaches to the dynamic-mechanical characteristics of rub 
ber. It has been established that the conditions under which these character 
istics are determined have a pronounced influence on the results obtained, so 
that the measurements must be undertaken under precisely specified conditions 

A new test apparatus is described for measuring the dynamic-mechanical 
characteristics, with which measurements can be performed at any desired 
stress setting, frequency, temperature, and amplitude on the same samples, both 
for compression and for shear loading 

The incompressibility of filler-free natural-rubber compounds has been dem 
onstrated by measurements made on samples with different shape factors and 
with varied static initial stress, under compression and with shear loading 

The temperature, frequency, and amplitude dependence of the dynami 
mechanical characteristics of different rubber compounds is discussed on the 
basis of a number of measurements. The maximum value of the loss factor 
which occurs in the vicinity of the second-order transition point, appears at a 
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higher temperature in GR-S (cold rubber), Vulkollan, and Buty! rubber than in 
natural rubber There is a connection between this fact and the much greater 
frequency and temperature dependence of Butyl rubber compared to natural 
rubber in vicinity ol room temperature 

\ compound based on natural rubber and a styrene-butadiene (85/15) co- 
polymer shows two maxima in the loss factor One of these is characteristic o 
natural rubber, the other of the polymer 

The dynamic characteristics of filler-free rubber compounds are not very 
ensitive to amplitude It is found that the marked amplitude dependence of 
reinforced rubber compounds cannot be accounted for by increased temperature 
or by any nonlinearity of the stress-strain curve 

The influence of composition on the dynamic-mechanical characteristics of 
natural rubber has been tested for a number of compounds. It is established 
that the carbon black types can have a significant effect on the 2’ modulus 
At smal! amplitudes the magnitude is greater for a compound containing SAF or 
IPC carbon black than for one containing HAF carbon black Natural rubber 
reinforced with Aerosil or aniline resin shows a small loss factor, while com- 
pounds vulcanized with Thiuram show a large one 

The present study is part of a fundamental investigation on rubber carried 
out by the Research Division of the Rubber-Stichting in Delft under the di- 
rection of H. C. J. de Decker. 
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RADIATION STABILITY OF ELASTOMERS * 


D. Bopp AND O. SISMAN 


Natio 


Data on how radiation affects plastics and elastomers show a rough re 
ship between radiation stability and Young’s modulus Generally, m 
filled and rigid plastics are most stable, and n il rubber resists damag 
ter than the synthetics. Addition of Butyl rubber, which softens when 
ated, to natural rubber, which hardens, gives a product with irradiated 
inferior to that of natural rubber 


ELASTOMERS 


In Table I, the pre-irradiation mechanical behavior of elastomers is char 
acterized by the breaking elongation and the dynamic Young’s modulus. Re 
sistance to damage is shown by the exposure required to decrease the elongatir 
50 per cent. From the similarity of radiation effects for the groups irradiated 
in air or in helium, it appears that the exact amount of air present is not 
nificant for pieces as thick as these 0.1-inch tensile specimens 

Figure | shows that radiation affects the tensile strength and breaking « 
gation of an elastomer somewhat similarly, but breaking elongation is the 
sensitive Very roughly, the exposure for 10 per cent decreased elongat 
one-fifth of the 50 per cent figure 

Vatural rubber resists change best Table vs that natural rubber 
fivefold better radiation-damage resistances ! he other elastomer 
ecreased elongation is 


Butyl rubber the exposure for 50 per cent « 


| 
order as for the other elastomers, but Butyl rubber becomes stich 


After the same exposure, the other elastomers, which are hardened as shows 

Figure 2, may still be usable For some purposes, natural rubber will wi 

10 times more exposure than will Butyl. Thiokol also become 

several-fold greater exposure than Butyl rubber With these 

elastomers have the same order of stabilit is ndicated | 
Straining specimen during irradiation cause 

is predominant in elastomers that are har 

softened For unstrained elastomers the n 

in the two processes; but if elastomers are 

of recovery on removal of the stress may 

crosslinking To study the loss of recove 

in the jig in Figure 3, compressed to § inch 

removal from the jig 1s given in Table If] 
The loss of recovery is sizable for ¢ 

than are required to decrease the breaking el 


two models may be postulated to explain th 
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Tasie | 
LADIATION STABILITY OF ELASTOMERS 

Lreak 
Initial 

a rt va 

For at (rad y t ( 

Group I—Irradiated in air-filled containers * 
Natural rubber 0.6 420 
Neoprene 25 150 
Hycar OR 0.6 250 
Butyl rubber 0.6 525 
GR-S 0.6 270 
Hycar PA 0.6 230 
‘J hiokol S 0.4 162 
Silastic 7-170 0.7 520 
Group I] —Irradiated in helium-filled containers 
Polybutadi« hie 0.45 360 
Hycar OR-15 0.8 320 
Hycar OS-10 0.8 380 
Neoprene GN 2.5 475 
Thiokol 0.4 180 
Silastic 250 0.7 320 
Natural rubber 0.8 460 
Hycar PA 0.8 660 
Hypalon SZ 2.5 250 

Group I1]—-Natural rubber with plasticizer } 
LP. oil 0.8 560 
Dioctyl phthalate 0.8 440 
Diocty| sebacate 0.8 520 
Tributoxyethy] phosphate 0.5 440 
TP9OB 0.8 360 
Plasticizer 5C 0.8 390 

* Formulations are given in Table 2 

+ No attempt was made to remove final traces of a ntai 
ires and different formulations than Group I, but most ontain 
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cleavage and crosslinking occurring together, but cleavage effects are masked by 
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crosslinking no longer tend to cancel each other, but are additive. 
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model pictures the occurrence of very little cleavage, but postulates greater 
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crosslinking effects in the presence of strain, « 


upon the uncoiling of molecular segments that 
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Tasie I 
FORMULATIONS or Grot 
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dence two models is the more important is given by 
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ity of natural rubber by including large amounts « 
since certain mineral-filled plastics are 
retention of either breaking elongation or bre 
iny of these formulations over the formulatior 
Con pounding Butyl with natural rubher qi 
rubber.—Since natural rubber is hardened by irra 
softened, it was thought that compounding the two 
mixture that might be more resistant than eit! 
tried—the recipes giN in Table IV 
The mixtures all decrease more rapidly in bre 
than natural rubber, which is more stable than B 
of hardness is less for both the 50:50 mixtures at 
natural rubber This constancy of hardness is believed t 


combined effects of cleavage, which softens Buty! rubber, and 


whi h harde ns natur il rubber For most Applies tN constanc' 
ness will not compensate for the loss of tensile f an elongati 
no net improvement over natural rubber is achi 


TaspLe I\ 


hiGu? SPECIALLY Compot 


Natural rubber 
Neoprene W 

sutyl rubber 

sutyl reclaim 
Ashestos fiber 
Dodec anethiol 

SRF black 
Dibutyltin dilaurate 
Calcium silicate 


*( 


TEST CONDITIO! 


When compared on the basis of the 
energy radiation produce approximately 
excitation and ionization are hight, efficient 
To establish the validit of this observation 
ation conditions 

Irradiation Most of the materials were ¢ 
the ORNL Graphite Reactor in a water-coole 
irradiations were made with Co” and Au!” 
source exposure® was 10° rad; the maxi 

In calculating the energy absorbed 
necessary to consider tast neutrons 
thermal-neutron-absorption reactions 
only for elements with absorption 

irbon or hydrogen; and it is | 
with respect to gamma absorption than it is for ot! 

The combined high-energy radiation in the re 
rad/hr. The ratio of fluxes of thermal neutre 
trons (1/30 ev to | Mey , fast neutrons >] Me 
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Mev average energ is 1.0:0.6:0.04:0.5, respectively When the integrated 
flux is expressed in nvt, it mea number of thermal neutrons that have 


is 


passed through 1 em 


Correlation of damage and energy absorbed Approximately equiv alent 
changes were produced by both the reactor and gamma sources for equal energy 
ibsorption. This is not surprising since the ionization and excitation processes 
are similar for all types of high-energy radiation 

The term high-energy radiation is used here to include gamma and beta 
radiation, fast neutrons, and « harged particies of ali types With fast neutrons, 
excitation and ionization are produced indirectly through protons ejected in 
collisions of fast neutrons with hydrogen atoms. The other types of high- 
energy radiation may cause ionization and excitation directl\ 

The efficiency of radiation in producing chemical reactions in materials is 
determined by the chemical structure of the material. Many inorganic ma- 
terials are not changed greatly by gamma or beta radiation, but only by the 
heavier particles that produce displaced atoms. Most organic materials are 
changed largely by excitation and ionization. The amount of energy absorbed 
by ionization and excitation is generally much greater than that absorbed in 
displacing atoms, and often the latter may be neglected for materials damaged 
by ionization and excitation’ 

The energy-absorption approximation for polymers has been tested experi- 
mentally? for mechanical property changes that occur for exposures up to 10° 
rad. In the intensity range 10*-10’ rad/hour, agreement between gamma 
sources and the reactor (with mixed gamma and fast-neutron radiation) was 
found within about a factor of two, but comparison was possible only for the 
more radiation-sensitive materials. Another indication of the validity of the 
energy-absorption approximation was obtained when plastics were irradiated 
in the reactor, both enclosed in cadmium and without the cadmium*?. The 
increase of the gamma flux due to the (n, y) reaction on the cadmium was found 
to increase the radiation-induced change in proportion to the additional energy 
absorbed 

In the high-flux region of the ORNL Graphite Reactor, the energy absorp- 
tion for materials composed entirely of carbon and hydrogen is given approxi- 
mately by R ikC + 0.31)N &* 10°*: where R energy absorbed, rad; 
C = weight percentage of hydrogen; N thermal neutron exposure, neutrons/ 
cm’, If elements in addition to carbon and hydrogen are present, the applica- 
bility of this relation is determined largely by the thermal-neutron-absorption 
cross-sections and the decay schemes of the additional elements. For hydrogen 
and carbon the energy absorption due to thermal neutrons is small enough to be 
negligible For elements with high cross-sections, and especially those that do 
not go to stable elements, additional energy will be absorbed from the gammas 
and betas emitted in the absorption process and from the recoil of the atoms on 
emitting radiation 

For the elastomers in Table I that contain elements with high thermal- 
neutron-absorption cross-section, the rad/nvt values were obtained by com- 
paring chang sroduced in the reactor with those produced in gamma sources 
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HOW RADIATION CHANGES MECHANICAL 
PROPERTIES OF POLYMERS 


High-energy radiation alters the molecular structure of elastomers by cross 
linking and cleavage—chemical changes. Consideration of the mechanisms of 
deformation explains how these chemical changes affect the mechanical proper 
ties 

RADIATION EFFECTS 


All elastomers tested were hardened by crosslit king with the exception of 
Butyl rubber and Thiokol, which were softened by cleavage. Sensitive prop 
erties of crosslinked elastomers are tensile strength and breaking elongation as 
well as hardness For cleaved elastomers, the compression set 18 a very sensi 
tive property. The stress relaxation of elastomers that are strained during ir- 
radiation is very sensitive for both groups 


DEFORMATION MECHANISMS 


High-polymer molecules are in the form of li chains, which are some 
times crosslinked to a three-dimensional network. Elastomers differ from 
plastics in having weaker van der Waals forces. In plastics, the forces are strong 
enough to maintain the solid state in the absence of stress. In elastomers, the 
forces are weak as in a liquid, and the solid state is maintained only by a few 
primary-valen e crosslinks that form a loose network 

It is convenelient to consider two mechanisms of deformation ordinary 
elasticity and high elasticity’. For polymers, it is customary to express ordinary 
elasticity in terms’ of a spectrum of retardation times, 7 

It is rarely possible to fit experimental data with only one value of 7, so it 


customary to use a smooth distribution of values. The distribution of retarda 


tion times is often sensitive to the rate of dissipation of frictional energy’ and 
thus may depend on the specimen’s dimensions. On the other hand, the fre 
volume* may be important, and for this reason distribution of retardation times 
is usually sensitive to temperature 
A qualitative explanation of how radiation affects the mechanical properti« 

of high polymers is given by considering only two processes—crosslinking and 
cleavage The effect of crosslinking is to tend to impe de viscous flow, and to 
increase the retardation times. The equilibrium value of Young’s modulus for 
high elasticity is given by the kinetic theory as directly proportional to the con 


centration of crosslinks® 
E AkT/V (1) 


Measured values of dynamic Young’s modulus for certain elastomers may 
not approach very closely the equilibrium value 

Cleavage has the effect of reducing the yield stress for viscous flow The 
equilibrium value of Young’s modulus for high elasticity is decreased by cleay- 
age, since the number of crosslinks is reduced e retardation times for 
plastics not initially crosslinked are often not changed much by cleavags 

Materials usually exhibit more than one deformation mech snism”, ane 
relative prominence depends on the strength of the in der Waals forces (on the 
chemical structure), on the amount of crosslinking (a large amount of crosslink 
ing tends to impede viscous flow and high elasticity), and on the temperature 
This discussion is limited to room temperature (25° ¢ 
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Crosslinking of elastomers is typified by the tensile curves of natural rubber, 


in Figure ] Before irradiation, the deformation is mostly by high 


After long irradiation, natural rubber acquires a rigidity comparable 


Zi ny 
ZiASSCR so care must be exerted in handling to avoid breaking 


mens 


Young 8 modulus ma be decreased by irradiation for some polymers but 
nereased for others. This is explained by the differences in the relative promi- 
id el ige processes for different polymers. For 


i 
radiation effect is crosslinking; for Butyl 


@ Brecking pot 














DEFINITIONS 


High elasticity is confined to idealized elastomers in which the only mech- 
inism for deformation is the uncoiling of molecular segments, and in which the 
restoring force results entirely from thermal motion of the molecular segments. 

Ordinary elasticity is that involved with actual elastomers or plastics 
i] 


V iacou ow describes the liquid-like state that solids may assume under 


stress 


1 constant of the order’ of 1 
the rate constant 
value of Young’s modulus for high elasticity 
namic Young’s modulus 
crease Io! long exposure 


onstant 


t after application of stress 


deformation resulting from 





RADIATION STABILITY 


density. 
retardation time: defined by 
ev/rad 


CROSSLINKING PROCESS 


The rate of the volume change that accompanies the cooling of a hig 
mer becomes so slow at the second-order tra! sition temperature that 
duces a discontinuity in the specifi volume-temperature relation as it is ord 
narily measured Perhaps if a sufficiently long waiting period were allowed 
between changing the temperature and measuring the volume, the volume 
temperature relation would be continuous to absolute zero 

Analogously, the rate of crosslinking may be diffusion controlled 
hydrogen diffuses out of the polymer during crosslinking, and the mol 
segments diffuse closer together—as is evidenced by hydrogen evolution and 


decreased specific \ olume® 
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If it is postulated that crosslinking results when a ated moles 
ments diffuse together, then crosslinking is proportional both to the 
tion of activated molecular segments and to t! of diffusion 
there exists an upper limit on the number of molecular segments 
possible to activate When the intensit or tl radiation field is increased 
sufficiently for this upper limit to be approached, the rate of crosslinking will 
become independent of intensit Thus, the « gy absorption approxima 
tion’ can no longer hold It appears that this yndition will be 
a lower intensity for the more rigid materials 
steady-state concentration of activated moles 
proached at a lower intensity, since the rat 
process 18 less This suggestion is intended 
energy absorpt Or ipproxin ion is hes n 
materials, it should not be 
mental confirmation In the inten 
only a small intensity dependence for n 

The sensitivit f Young’s modulus to 


has been explained in terms of increase 
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constant rate of crosslinking (though the retardation times are increased), 
it is necessary to postulate that crosslinking does not microscoipically restrict 
the diffusion of neighboring molecular segments except perhaps very close to 
crosslinking The effect on the retardation times must then be largely 
caused by the formation of a network structure Thus, it is possible for the 


i i 


macroscopic retardation times to be affected by crosslinking without affecting 


the micros opic diffusion rate of a large portion of the molecular segments. 

From the ns itions it appears necessary to restrict the correlation 
between rigi measured by the Young’s modulus, and the rate of crosslinking 
to noncrosslir in the absence of crosslinking, the correla- 
tion is o1 in approxim mm, since the microscopic rate of diffusion may be 


roughly inferred by using Young’s modulus to estimate the strength of 


only | 
the van der Waals forces 

The rate of crosslinking for some elastomers is nearly constant in the early 
later drops off pidly The decrease of specific 


y ryt 
il 


stages of crosslinking jut 


iay be fitted to the equation 
ifcR< 


several elastomer formula- 
modulus at room temperature 


en by the empiri al relation 
if ch < 


ue of cis given for Neoprene-GN either by the changes 
the Young’s modulus. For Hycar-OR, a higher value 
wr equation 3 than for Equation 2. Only for these two elastomers 
were flicient data available to estimate c by both equations Neopre ne has a 
higher effectiy xposure owing to its chlorine content; Hyear-OR reaches a 
saturation val Young’s modulus quickly owing to a high value for n 
The rreem ! ‘ : | Neoprene is taken as characteristic of elastomers 


agreement of Hycar-OR is associated with the 


Ay o tl netic theory of high elasticity, Young’s modulus should 
ary approximately in proportion to the concentration of crosslinks, although 
the situation is complicated by the “entanglement factor’”’ The experimental 
results indicate proportionality to the nth power of the concentration of cross- 
links, where n> 1. Perhaps additional weight over that predicted by the 
kinetic theory is given to crosslinking, owing to increased retardation times 
Disregarding the entanglement factor, the energy required to produce a cross- 


link may be calculated from ® 
5.22 « 10"%p AkT/(c*AE,,)'" (4) 


For the plasticized natural rubber formulations‘, Equatior about 20 


ectron volts per crosslink, which is of the same order as giv by swelling 


é 
measurements for crepe rubbe r 
CLEAVAGE PROCESS 


the predominant radiation-induc process for many 


liquid hydrocarbons is evidenced by the viscosity change Because of the 


similarity between elastomers and liquids, it is not surprising that many elasto- 


mers also are hardened by irradiation. As discussed, the rate of crosslinking is 
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A STUDY OF THE AGING OF NATURAL RUBBER BY 
MEANS OF INFRARED SPECTROSCOPY 
V. AGING ACCELERATED BY HEAT * 


VosTecnH KeLLO, ALEXANDER TKAC, AND JOLAD Hrivikova 
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sitive to direct contact of the sample with metals, or 
icanized rubber as well as to an atmos- 
substances which may influence the chain-linkage 
idation of natural rubber. This influence is effective at con- 
ce from the point of contact of the said substances with the 
good reproducibility requires under all circumstances a perfect 
extraction of the rubber sample in a methanol-acetone mix- 
vidence of nonhomogeneity of the natural rubber itself which is 


not eliminated even by dissolving in benzene. Therefore, the natural compo- 
nents of rubber must be linked by intermolecular bonds which can be attacked 
only by extraction with a polar solvent. The transition of the elastic form of 


rubber into the plastic form’ around 80° C helps to increase the diffusibility of 
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ingredients. Besides, above this temperature, the thickness of the film may 


inge, due to softening of the sample. It is, therefore, necessary to maintain 
the samples in a strictly horizontal position at higher temperatures. 
The time process of the influence of heat on samples can be followed basically 
two methods. Experimentally the simpler method is to study the aging on 
wherein the action of heat is interrupted at regular time intervals to 
the spectrosco neasurements. Because the repeated interruptions of 
eaction influence its chain mechanism, it is in principle more correct to 
follow the course of the reaction without interruption. This requires a larger 
number of perfectly identical rubber films which are simultaneously exposed to 
the action of elevated temperatures. In adequate time intervals individual 
ms are taken one after another for quantitative spectroscopic investigation of 
hanges in absorption bat f certain groups which indicate changes in struc- 
ture. The number of films is usually 8 to 10, depending on the number of 


determinations necessary for the construction of kinetic curves. The shape of 
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ing the milling operation, as observed by Busse and Cunninghan 

pendence, in the case of non-extracted natural rubber 

minimum in the area of 100—120° ¢ depending on the 

According to Houwink" a combined effect of mecha 

degradation is instrumental in this case. Ther 

hindrance during the access of oxygen, because t! 

coiled and the mechanical working has a straig ing effect Jager 

results it may be assumed that the lower degree of oxidation in a certain ra 

of temperatures is the result of three simultaneously acting factors: 1. Forma 
tion of free radicals, the number of which suddenly increases during the thermal 
disaggregation of rubber in the transition of gel rubber into sol rubber (cl 
from the elastic to the plastic form). 2. Increased reactivity of oxygen at 
higher temperatures. 3. Termination of chains, leading to a build-up of the 
original structure of rubber which had been degraded during coagulation and 
mechanical processing. 
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The ratio of the amounts of C=O and O groups in the stational 
drops with increasing temperature after an initial ascent (Figure 9 
generally agreed™ that the oxidation of rubber arbonyl gre 
through intermediary hydroperoxidic groups absorption ba 
overlaps the band of O—H groups’. The decre: ydroxy 
time after having reached a maximum, as well as a decrease of the ra 
number to the number of carbonyl groups with time indicate that 
has been caused by transformation of hydroy eroxidic into carl 
We assume that the velocity of disintegration of peroxidie group 
temperature. However, it cannot be excluded that ether 
formed according to the scheme: R—OH + HOR’ 

As far as changes in the number of double bor 
their absorption bands at 6 and 6.1 yu, these cannot be fo 
higher temperatures because of overlapping b 
band of the C () groups 5.8 . (Oniv at ter 


observe a moderate growth of double bonds dur 


COMPUTATION OF ACTIVATI 


The kinetic study of the temperature dependence of the oxidation of rubber 


enabled us to determine its effective activation energy As was pointed out by 
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1)’Or and Késsler, the kinetics of thermal oxidation of rubber proceeds in the 


initial stage according to an equation derived by Semenov" for nonstationary 
processes of oxidation of hydrocarbons, developing gradually with the time. 


In the simplest case, the velocity v of such processes, which Semenov calls de- 


generated, can be described by the equation 


¢t (1) 


here vg and ¢ are constants and ¢t is time The velocity constant ¢ is given 
all constants of the elementary processes which characterize the probability 
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const., or according to Equation 


from t 


The effective activation energy, 
perature dependence of the length of the induction perio Phe value 
induction periods must of course be determined by an uninterrupted test 
difference between interrupted and uninterrupted tests becomes evident onl 
higher temperatures by lengthening of the induction period obtained in 
interrupted test. As can be seen from Figure 10, the dependence of log r « 
the inverse value of the absolute temperature is line The oxidation of rul 
her is, therefore, controlled by Equation j ! ie angle of the 
can be computed that the effective activation energy 
carbonyl groups is 21,200 cal./mole and the effective actiy 
formation of hydroxyl groups 21,300 cal. /mole soth energie 
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SUMMARY 
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RESULTS AND DISCUSSION 
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sorption of oxygen, for an equal decrease of strength at 120° C an absorption 
0.65 per cent oxygen is sufficient. Without an access of oxy; however, heat 


ing does not cause any change of physical proper and Kdéssle: 


compared their results of spectroscopic studies w ( if the mec} 
properties of vulcanized rubber, and found that the loss m anical s 
at 110° C takes place before the increase of C=O groups had become 
in the spectrum (Figure 3). 

A comparison of the direct determination of oxy; absorption by 
rubber with the spectroscopic results of Field, Woodford, and Gehman" show 
that the minimum amount detectable by infrared spectroscopy is 0.£ 
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effective that in films of ordinary thickness the stationary zone is not ev 
tained. As may be seen from Figure 6, oxida 
a different characteristic. This subject will 


The facts disclosed above indicate that t 
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e constructed accord 
les denote experimenta 


acter of light aging®® and heat aging** below 80° C or to conditions favorable to 


spatial crosslinking (vulcanization)*®. In all the cases considered, the empirical 


relation (Figure 8) gives a better representation : 
AA k’ -t (2) 


Figure 9 shows a comparison of the experimental curve (at 120° C) with the 
curves computed from relations (1) and (2 

The curves of the dependence of the velocity of oxidation (1 d(AA)/dt) 
on the number of oxidized groups (expressed by extinction of C=O groups, as 
in Figures 10-15) have a shape characteristic of autocatalytic reactions: after 
passing a maximum the velocity drops to zero. It is impossible however, es- 
pecially at higher temperatures, to interpret these curves by a simple auto- 
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izing the curves of velocity as a4 
inder different conditions. 
ess proceeding at low velocity after 
ction and time have reached the sta- 
experimental points from the course 
It seems that these s ibseq ient accompanying reac- 
are induced transformation of intermediary products (mainly alde 


to higher oxidized forms. These reactions can be accelerated notice- 

vw example by catalysts (copper), which is markedly expressed by a 

drop of the extinction vs. time curves after they have reached their 
um (Figure 5 

If we plot in Arrhe us coordinates the dependence of the velocity constant 

k on the temperature, a straight line is obtained (see Figure 16), and its slope 
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CONCLUSIONS 
valuating the results of the study of the effects of light and heat on rubber 
of infrared spectroscopy, certain conclusions seem justified. Light 
governed by mathematical relations which apply 
with negative mutual interaction of chains, the 
difference between lig d heat effect being evident by different values of the 
mstant ig shows a well defined surface characte The physical 
ind heat do not take plac ein the same stages of oxida- 
resulting from light aging appears only after a 
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to degenerate ch 


has been bound structurally (in the middle portions 

irves), whereas in heat aging it occurs at the 

This also indicates that the physical prop- 

to the degree of disaggregation and retro- 

gre related to the amount of structurally com 

bined oxyg ' secondary oxidizing reactions, as indicated by infrared 

spectroscop' valuation of the interrelation between 

oxidative degradation and spatial crosslinking (vulcanization), as two alter- 

natives of parallel processes caused by preceding disaggregation. It is, there- 
fore possible to m: » use of 


f the method for the evaluation of the effects of 
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different compounding ingredients, such as initiators, catalysts, inhibitors 
retarders, and vulcanizing agents*, not only in natural rubber but also in 
synthetic rubbers. 

SUMMARY 


Experimental results of spectroscopic studies of the heat and light aging of 
rubber indicate that the greatest degradation takes place during the induction 
period of oxidation. The energy consumed leads to deterioration of the in- 
ternal structure of the macromolecules of rubber, and this causes changes in 
rheological properties. At the locations of degradation free radicals are formed, 
and these cause further oxidation. Different heights of the curves of the num- 
ber of C=O and O—H groups as a function of time at different temperatures 
point to differences in the number of active centers susceptible to oxidation 
Variable numbers of active centers are also proved by oxidation in the presence 
of ozone and of copper as catalyst, and in the milling process. These changes 
correspond to the transition of elastic rubber into its plastic form at approxi- 
mately 80° C. The relationship between velocity of heat and light oxidation 
w and concentration of oxidized groups 7 is given by the equation: w = k/b 
ae e~*")(1 —»)]. This points to a chain mechanism of branched reactions, 
with mutual negative interaction of the chains In light aging the initiation 


is more intensive and the surface character is more pronounced. Analysis of 


I 
the experimental curves indicates that the heights of the kinetic curves are a 


measure of the formation of side chains in rubber during aging as well as during 
wre sce hase 
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OXIDATIVE DEGRADATION OF 
SWOLLEN VULCANIZATES * 


T. G. Deoreva anv A. 8S. Kuzminsxil 


Soewtivic Rearancn Inerirerer « rue Reeser Inpoverr Moscow, U 8.8.R 


Oxidative degradation in swollen vulcanizates is closely related to the prob- 


lem of rubber reclaiming. In reclaiming rubber by the solvent method, the 
breakdown of the vulcanizate structure is the result mainly by oxidation re- 
actions which occur at the locations of the double bonds in the molecular chain 
of the rubber. We showed earlier! that when a vulcanizate is oxidized in the 
swollen condition there is a joint oxidation of rubber and solvent, which in large 
degree changes the character of the structural transformations. 

The present investigation was undertaken by us with the aim of clarifying 
the basic principles underlying the oxidative degradation of swollen vulcani- 
zates with different structures 


EXPERIMENTAL PART 


All the vulcanizates studied were prepared on a base of industrial sodium- 
butadiene rubber (SK-B). The composition and properties of the vulcanizates 
are presented in Tables land 2. ‘The ratio between the weights of vulcanizate 
and solvent in the swollen vulcanizate amounted to 1:6.6. The solvent used 


was decalin 


OXIDATIVE DEGRADATION OF A BWOLLEN THIURAM VULCANIZATE 


Figure | presents the results of an experimental study of oxidative degrada- 
tion in a stock vulcanized with tetramethylthiuram disulfide (Thiuram)—the 
first type of stock The figure shows that although there was no sign of oxygen 
tbsorption (Curve 4) nor of phenyl-2-naphthylamine consumption (Curve / 
for a period of 19 hours, there was at the same time a fairly rapid decrease of 
the equilibrium modulus (Curve 3) and a slight increase of the solubility (Curve 
?). Only after this length of time did the autocatalytic oxidation reaction 
develop, accompanied by an intense oxygen absorption, a high rate of phenyl- 
2-naphthylamine consumption, and a rapid accumulation of soluble degradation 
product 

An analysis of the data presented indicates that phenyl-2-naphthylamine 
does not inhibit the oxidation process in its earlier stages. The action of phenyl 
2-naphthylamine is revealed only in the autocatalysis in which the vulcanizate 
loses its elastic properties, and where in actual practice we are dealing with the 
products of widespread scission and structure formation in the vulcanizate 
In the present case, the inhibition of the oxidative process is evidently brought 
about by the decomposition products of Thiuram 

In order to verify this hypothesis, the following experiments were carried out. 


A stock vulcanized with Thiuram was extracted with acetone for 50 hours 


* Tras ted for Russen Curemistnay ann Tec M olm Anderson from the Zhurnal / 
1 Ks |. 28, No. 12, pages 1314 
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Then the extract was added to a thermal vulcanizate? which contained no 


phenyl-2-naphthylamine. Figure 2 presents curves for the oxidation of a 
swollen vulcanizate into which Thiuram decomposition products have been 
introduced. Here too, as one would expect, a measurable absorption of oxygen 


commences only after a prolonged induction period. 


TABLE 1 


{ECIPES OF THE VULCANIZATES* 


SK-B 
Sulfur 
Tetramethylthiuram disulfide 
Zine ethylphenyldithiocarbamate (II Extra N) 
Diphenylguanidine 
Zine oxide 
Stearic acid 
‘Time of vulcanization (minutes) 
Vulcanization temperature (° C) 
* The figures show the parte by weight of the compounding 

Data in the literature*® on the thermal decomposition of tetramethylthiuram 
disulfide in the presence of zine oxide indicate the existence of a whole series of 
decomposition products, including carbon disulfide, sulfur, hydrogen sulfide 
dimethylamine, tetramethylthiourea, and zinc dimethyldithiocarbamate 

Among the above-mentioned substances, sulfur is well known for its inhibit 
ing action Further, it has been shown that zinc diethyldithiocarbamate is not 
an effective inhibitor However, we cannot be sure that among all the thiuram 
decomposition products, sulfur alone plays the part of a regulator of the oxida 
tive process. This question requires further investigation 


TABLE 2 
CHARACTERISTICS OF THE VULCANIZATES* 


Analysis per cent by weight M 
VIA im 
swelling 


Phenyl-2 
naphthyl Total Com bined in t 
amine sulf 


venzene in benzene 
iljur sullur inul r cent per cent) 

0.31 0.99 0.49 § 

0.43 0.74 


50 
7) 
0.49 48 2.56 


0.6 


* In this table, the values are recorded as percentages by v 
** Vuleanizate 2a was red 80 minutes instead of 90 minut 


OXIDATIVE DEGRADATION OF A BWOLLEN ZIN¢ 
DITHIOCARBAMATE VULCANIZATI 


The rubber was vulcanized with zine ethylpheny hiocarbamate at 90 


C for 80 minutes, thereby excluding the possibility of carbon crosslinks being 
formed by means of thermal structure formation in this type of vulcanizate 
The structural network of this type of vulcanizate was built entirely with sulfu 
bonds. 

Figures 3 and 4 show the kinetic curves for the oxidation of the 


vulcanizate in the presence of antioxidants (free sulfur and phenyl-2-naphthy! 


| 
BSWolen 


amine) as well as in their absence The action of sulfur and phenyl-2 


biiul 


on j 
naphtl j 
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amine in the oxidation of a swollen stock causes an induction period (about 2.5 
hours) Subseque nt oxidation proceeds at a constant rats In the induction 
period the oxidative process is controlled only by the free sulfur; this, in being 
consumed, inhibits the action of the phenyl-2-naphthylamine (Figure 5 The 
accumulation of soluble products proceeds at a more rapid rate during the in- 
duction period than it does in the latter stages of the process. When a vul- 
canizate containing sulfur and phenyl-2-naphthylamine is oxidized, no stabl 
peroxides are found among the oxidation products 

The viscosity of the sol fraction of the oxidized vulcanizate containing an 
antioxidant varies directly with the concentration of the solution (Figure 6 
These data indicate that the oxidative degradation proceeds at a constant rate. 
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OXIDATIVE DEGRADATION OF A BWOLLEN DIPHENYLGUANIDINI 
VULCANIZATI 


Figure 7 presents curves characterizing the oxidation of a stock vulcanized 


with diphenylguanidine It is known‘ that polysulfide bonds predominat« 
in the structure of a vulcanizate of this type It is seen from the figure that the 
absorption of oxygen proceeds at a constant rate (Curve / In the course of 
the oxidation of a swollen vulcanizate, it is noted that phenyl-2-naphthylamin 
(Curve 2) and free sulfur (Curve 3) are both being consumed at the same time 
The rate of consumption of phenyl-2-naphthylamine drops considerably after 
7 hours of oxidation, while the solubility of the vulcanizate reaches its maximum 
value at the same point in time. Thus we see that only an efficient inhibiting 
action can affect the degradation of the vulcanizate In the present case th 
free sulfur does not interfere with the consumption of phenyl-2-naphthylamine 
It may be supposed that, because of the presence of an accelerator in the stock 
a vulcanization process develops in conjunction with the oxidation. Experi 
ments which we set up have confirmed this assumption. As Figure 7 demon 


strates, when a vulcanizate without solvent is heated in the absence of oxygen 
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the consumption of sulfur is even more rapid, so that after five hours’ heating 
only 0.15 per cent free sulfur remains in the stock 
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type without any sulfur, since sulfur has a considerable effect on the nature 


and rate of oxidative processes 


Figure & presents the kinetic curves for oxidation of a swollen thermal vul- 


canizate at 150° ¢ The presence of phenyl-2-naphthylamine in the system 
brings about an induction period, It is observed that during the oxidation of a 
swollen thermal vulcanizate containing phenyl-2-naphthylamine the antioxi- 
dant is being consumed, and that the decalin has a considerable effect on the 
characteristics of the antioxidant consumption (Figure 9 

Although in unswollen rubber phenyl-2-naphthylamine is consumed at a 
linear rate during the induction period, in a vulcanizate which has been swollen 
about 65 per cent of the initial antioxidant content remains at the end of the 


induction period. The highest rate of phenyl-2-naphthylamine consumption is 
observed in the initial stage of auto ilyt 


ic oxidatior before the combined 


oxygen content has rene hed 20 25 mill I CK mol ol rubber 


“ bi1TK) I 
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percent solubility ; the middle ordinate the free sulfur 
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It is important to note that the kinetic curve of phenyl-2-naphthylamine 
consumption in a swollen thermal vulcanizate is almost an exact duplicate of 
the corresponding curve for the consumption of this antioxidant in the oxidation 
of decalin (Figure 10 


The example cited clearly shows that the beha 


vior of antioxidants in swollen 
vuleanizates does not at all correspond to their action in unswollen stocks 


Having established that a joint oxidation of rubber and solvent takes place in a 
swollen stock, we may now consider the part played by the antioxidant in this 
process from a new viewpoint. For it follows from the conception of a joint 


oxidation that the behavior of the antioxidant in a swollen stock is governed not 


only by the composition ol! the vulcanizate but also by the nature and quality 
of the solvent 


The accumulation of stable pe roxides in the process of oxidation of a swollen 
thermal vulcanizate was also studied (Figure 1] The kinetic curve for per- 
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oxide accumulation passes through a maximum corresponding to 30-45 mill 
moles of absorbed oxygen per mole of rubber. The change of structure in the 
swollen vulcanizates during the oxidation process was traced through thechange 


in their solubility and relaxation constant, determined with the Kargin dyna 


mometric balanc: 
Figures 12 and 13 represent the kinetic curves for the change of solubility 
and relaxation constant As the curves show, in the induction period there is an 


increase of the solubility and relaxation rate of a swollen vulcanizate when it 








; 


Kia 
arming 

ican 
the tir 
naphthy 
content 


undergoes oxidatior The increase in the solub and } rate of the 


stock attests to the prevalence of oxidative scission in the induction period 

It is evident from a comparison of Figures 11 and 12 that the intensi 
structure formation in a swollen thermal vulcar is brought about throus 
i rapid decomposition of the stable pe roxides 

On the basis of tl esults presented one may say that the decisive influ 
iffecting the relative rates of the simultaneous! irring destruction anc 
structure-forming processes, in the oxidation of swollen stocks, is that exerte 
by the antioxidants (phenyl-2-naphthylamine, free sulfur, and the accelerator 
ind their decomposition products). Regardless of the original composition o 


the vulcanizate, the destructive tendency prevails only under a condition of in 


j 
i 
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hibited oxidation. The depletion of the antioxidant, in the oxidation of a 


swollen stock brings about a process olf structure formation in the stock 
Figure 14 shows a comparison of curves of the change of the solubility of 

swollen vulcanizates, as related to their combined oxygen content The vul- 

canizates were extracted with acetone and methanol before being subjected to 


} 


oxidation. The curves show that regardless of the type of structural network 
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the accumulation of soluble products takes place only in the earlier stages of the 
oxidation of a swollen stock. At the stage where the destructive process pre- 
vails, a considerable quantity of soluble products appears; these enter into the 
structure-forming reaction, and, along with the insoluble portion of the stock 
form the overall vulcanizate network. The development of a spatial structure 
causes a reduction of the degree of swelling, whic} ids to a partial separation 
of solvent from the swollen stock (“shrinkage A reduction in swelling, in 
turn, considerably accelerates the structure-forming process which was a 
in progress. 


lready 








kia I of solubility in the course of oxidation « 
at 150” ¢ mal inizate Stock vulcanized 


sulfur (type S. Ston canized with tetramethylitt 


phenylguanidine {i sulfu The abscissa represents the 


of rubber; the ordinat he solubility in ent 

It will be noted that there is a consideral lifference in the behavior of 
intioxidants in swollen and in unswollen stoc] ich a Variation in the action 
of antioxidants in these systems ma he ex 1 by the fact that, in the 
process of joint oxidation of solvent and rubber i len vulcanizate, the 
radicals formed have a different reactivity fro he ormed with rubber 


CONCLUSION 


' 


1. In the course of a idy of the oxidat! deg dation of vulcanizate 
different structures (a thermal vulcanizate, a vu zate with Thiuram 
with diphenylguanidine and, one with zin dithiocarbamate) it 
established that tl ilen vulcanizate, res | the accelerator present 
undergoes two simulta s reactions struction and structure formation 

2. It was reveale if I lomimance ! lestructive process n the 
oxidation of swollen ilcanizates, can oce ! it ence ol antioxidants 
and that only after a considerable consumption of a xidant does the rate of 
structure formation equal or exceed the rate of d ructior 

3. It was shown that the behavior of antio» 


governed not only by the nature of the rubbe 


nature of the 


therma 
apparent 
* Rawaoka, J Ru 


* Dogadkin and Tarasov 
26, 759 (1954 





CHAIN SCISSION IN THE OXIDATION OF HEVEA. III. 
EFFECT OF TEMPERATURE * 


KE. M. BeEvILacaua 


VW hen mole ular oxygen reacts with ray He Vea rubbe rin late x at YO i. two 
molecules of carbon dioxide and two molecules of ‘‘volatile acid’”’ (one molecule 
of acetic : and one molecule of formic acid) are produced for each apparent 
scission of the hydrocarbon chain, estimated from changes of solution viscosity 
This corresponds to the complete destruction of one isoprene unit, and if the 

] 


several hydrocarbon « nd groups are oxidize ad, re quires a minimum ¢ f six mole- 


cules of oxygen per scission’. Estimates of oxygen requirements for scission 
during the accelerated oxidation of vulcanized Hevea rubber much lower than 
this have been made It has been suggested that the apparent high efficiency 
of scission in vulcanized rubber is the result of the predominance of scission at 
crosslinks over random cutting of the hydrocarbon chain*. To investigate the 
less likely possibility that the mechanism of the reactions which leads to s 1I8s81on 
changes sharply with the rate of oxidation, the earlier estimates! of yields of 
scissions and of volatile ac ids during the oxidation of Hevea latex at 90° C have 
been supplemented by measurements at 70° C and at 110° C 

Some results of determinations of scission efficiency and of vields of volatil 


acids are summarized in Table | 


TABLE I 


Yretps or Acips AND oF Scis 


Temperature (° C) 70 110 
Oxidation rate (mmoles/100 g.-hr 0.7 6.0 
Per mole of ox ger 
Scissions (mole 0.047 0.062 
Volatile acids eg 0.071 0.118 
k’q. acids/mole scissions 1.9 


The results given in Table | show that in latex, there is no important change 
in the mechanism of scission within the temperature range of this investigation 


Although the efficiency of the scission increases with the te mperature, the ratio 


of acid produced to scissions remains constant 


EXPERIMENTAL 


The latex used was similar to that used previous experimental proce- 


dures were as described before! exes pt for oxi ol ‘ DL: lt @ These wer 


* Reprinted from the Journa f Organs 





TEMPERATURE EFFECT ON CHAIN SCISSION 


carried out in sealed twelve-ounce bottles fitted with nylon gaskets and per- 
forated caps, filled initially with oxygen at room temperature and pressure of 
one atmosphere The oxygen consumed was estimated by weighing th 


required to restore the pressure to atmospheric after 


water 
cooling the bottles con 
taining the samples to room temperature 

The data for oxidations at 90° C are taken f 
author’. 
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TRANSFORMATION BY THE ACTION OF HEAT AND 
OXYGEN OF THE SULFUR BONDS WHICH COM- 
POSE A VULCANIZATION NETWORK * 


G. Decreva anv A. 8. KuzMminskil 
cistence of a process of joint oxidation of the 


The oxidative destruction of swollen 
are equal, depends on the speed at 


We demonstrated earlier the « 


solvent and the vulcanizate swollen in it 
the testing conditions 


vuleanizates, wher y 
formed and decompose, not only in the rubber but in 


which the peroxi 

the ivent as | 
When swollen polybutadiene (SK-B) vulcanizates? are 

cesses occur, viz., destruction and structure forma- 


oxidized two re- 


lated and simult neous 
tion The solvent has no inhibiting effect on the latter process 


In the course of the oxidation of swollen vulcanizates, the destructive proc- 
in the presence of an antioxidant; it is only after the 
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EXPERIMENTAI 


The specimens studied consisted of four types butadiene vulcanizates 
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is extracted for 250 hours and then boiled in a sodium sulfite solution for a period 


of 12 hours, the polysulfide sulfur removed 


I i 


1 from the vulcanizate amounts to 


from 
about 3 per cent of its combined sulfur content. That is, approximately 9 per 
cent of the total polysulfide sulfur present in th 

way. The data presented indicate that the sulfur bonds in diphenylguanidine 
vulcanizates are fairly unstable. From this data on oxidative degradation in 
some conclusions can also be drawn as to the nature of the vul- 


vulcanizate is removed in this 


vulcanizates 
canization itself 

A comparison of kinetic curves of the oxidation of swollen stocks which were 
bamate for 20 and SO minutes at 90° 


vuleanized with zinc ethylphenyldithiocar 
then extracted for 80 hours, shows that the 20-minute vulcanizate has a 


C, and 
vA 


much lower oxidation speed (Figure 2) 
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Fie. 2.—Influence of polysulfide sulfur Kia. 3.—Influence of sulfur on the kinetics of the 
on the kinetics of the oxidation of swollen oxidation of the polybutadiene polymer at 90° ( | 
stocks vuleanized with zine etl her Without sulfur ?. With 0.35 per cent sulfur added 
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After the 20-minute vulcanizate is treated with a sodium sulfite solution, its 
kinetic curve of oxidation approaches the curves for the oxidation of the thermal 
vulcanizate and the 80-minute vulcanizate. These facts indicate that vul- 
canizates contain a larger number of polysulfide bonds in their earlier stages of 
vulcanization than they do later. As the vulcanization time lengthens, the 
sulfur bonds become rearranged more and more, and thereby the polysulfide 
content decreases 

A change of the polysulfide content of the bonds has an immediate effect 


on the speed of oxidation of the vulcanizate; the lower the polysulfide content, 


the more rapid is the oxidation reaction 
Oxidation of a polymer containing sulfur alt 90° © We have shown® that 
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when a sodium-butadiene polymer is oxidized in the presence of sulfur at 90 
an auxiliary structure-forming process arises (in addition to the structure forma 
tion with oxygen), which does not cease after the sulfur combines with the rub 
ber. No thermal structure formation is observed under these conditions 

Figure 3 shows the influence of the sulfur on the kinetics of oxidation in the 
sodium-butadiene polymer at 90°. The figure shows that the introduction of 
sulfur into rubber causes a retardation of the oxidation, which is revealed by a 
slight lengthening of the induction pe riod and a reduction of the spec d of the 
autocatalytic oxidation reaction 

The antioxidant action of sulfur is related to its combination with the poly 
mer during oxidation. The kinetics of sulfur consumption in the course of the 


A 
0.4 


0.2 


yo i " de nm —— eT 


0 40 60 120 160 200 240 260 320 360 #0 440 





1 Consumption of sulfur in the process of oxidation of a butadiene polymer at 90° ¢ 


} Cs y 
presents the amount of oxygen absorbed in millir es per e; the ordinate the amount of free 


lf 7 ia demeeed remaining in one gram of the polymer 
oxidation reaction is shown in Figure 4; it is evident from this that at the point 
where 110 moles of oxygen are absorbed by one mole of polymer, no free sulfur 
remains in the system 

In spite of the absence of free sulfur from the rubber, the equilibrium con 
centration of stable peroxide compounds in all the latter stages of oxidation i 
continuously below their concentration in rubber oxidized without sulfur 
(Figure 5 After the sulfur has combined with the polymer, the unsaturation 
of the latter decreases more rapidly during the oxidation process than does that 
of the polymer without sulfur (Figure 6) 
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In order to determine how the consumption of double bonds is distributed 
between the principal and side chains in the oxidation of a polymer with 0.35 
per cent sulfur, a polymer sample containing 220 millimoles of combined oxygen 
per mole was ozonized The ozonolysis data show that whereas the side chains 
of the original polymer contained 69 per cent of the double bonds, after oxida 
tion they retained only 49.7 per cent 

Thus the loss of unsaturation in the side chains during oxidation of the 
polymer containing sulfur amounted to 19.3 per cen The difference in the 
total loss of unsaturation, determined iodimetrically, between an oxidized poly 


mer with 0.35 per cent sulfur and one without sulfur (both containing 220 milli 
moles of oxygen per mole) equaled 20.0 per cent 
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Thus the whole of the loss of unsaturation occasioned by the combination 
of sulfur with the polymer, and later by the development of a structure-forming 
reaction in the rubber, occurs among the double bonds in the side chains 

It is known® that gaseous reaction products are formed when a sodium-buta- 
diene polymer is oxidized. Table 2 gives data on the vomposition of the vola- 
tile products liberated during the oxidation of rubber containing sulfur. 

The data of Table 2 show that the presence of sulfur in rubber causes a 
decrease of the amount of volatile products liberated by the reaction, although 
the quantitative ratio between formic acid and formaldehyde does not change. 
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These volatile products are produced mainly by the oxidative rupture of double 
bonds in the side chains of the rubber. The decrease of the quantity of volatile 
products formed in the oxidation of rubber when sulfur is present is due to the 
reaction between these bonds and sulfur. The behavior of sulfur in the above 
experiments seems to indicate that during the oxidation of rubber containing 
sulfur, the eight-membered sulfur ring opens, with subsequent formation of 
polysulfides. The polysulfide bonds formed probably decompose during the 
further oxidation of the rubber to liberate biradicals containing a variable 
number of sulfur atoms 


TABLE 2 


VoLATILE Propucts Formep BY THE OXIDATION oF 
RusBER CONTAINING SULFUR AT 90° 


n HCHO 


HCOOH 


0 154.6 r 104.9 
0.35 97.46 62.2 
0.35 94.94 d 57.14 


The biradicals liberated by the polysulfide groups bring about a structure- 
forming (vulcanization) reaction, a decrease of the speed of the oxidation re- 
action and a decrease of the equilibrium concentration of stable peroxides in the 
rubber 

Decomposition of fur bonds in swollen vulcanizates heated in the absence of 
oxygen Kargin and Slonimskil have reminded us that it is possible for the 
sulfur bonds which form the vulcanizate network to be decomposed by the 
action of heat alone Dogadkin and Tarasova® have observed that polysulfide 
bonds in vulcanizates decompose under mechanical strains and at high tem- 


peratures 
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We set up another set of experiments in order to determine to wh 
the destruction of a polybutadiene vulcanizate is due to the de« ompositi 


The te sting was done at 150 solvent was etl 


polysulfide bonds 
The solvent was purified of any tra 


benzene 
ampoules by the apparatus shown in Figure 7 


1 weak stream of purified nitrogen at 26 


inh ¢ 
I distillation, purified 


mercury Sefore the 
solvent for 3 hours 

The solvent was transferred, by means of 
of mercury, from receiver 1 to trap 2 


ice Stopeoc! 


10~' mm 
bath containing acetone and dry 


ing liquid was removed, after which the trap c 


Kia. 7. Diagra 
2. Tray 4. Stopeocs 


arrow at the top indi 


on a water bath at 30° C for 10 minute 


of acetone and dry ic: This operation 


a way that after each operation any tra 
taken off by the vacuum pump. Ther 
by vacuum to the graduate d meas lring 
the ethylbenzene were measured | 

| 


contained 8a 


nto 


These ampoules 


known maximum 
If no air was when th 
cooled three tim ie ampoule was 
oven at 150° Cf lengtl 
was cooled with dry ice and opened 
Vacuum the solvent was remo 
maximum swelling was d 


in benzene, and the 
The results are shown in Table 3 
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TABLE 3 


DETERMINATION OF MAXIMUM SWELLING OF VULCANIZATE 
SAMPLES P 


Ma 


0.040 
0.024 
0.044 
0.021 


0.265 
0.0195 
0.046 
0.0365 


0.025 
0.025 
0.031 


that when swollen vulcanizates are heated 

polysulfide bonds undergo decomposition ; 
crosslinks are not altered material] Heating a 
anizate at 150° without a solvent and in the absence of 


n of the maximum swelling from 450 to 410 per cent 


1) diphenylguanidine and sulfur is extracted and placed 


14 hours, its modulus’ rises from 14 to 1S kg. per sq 


ymposition of th ilysulfide bonds results in the 
imber of crosslink These facts also attest to the 
yolysulfide bri s of the vulcanizate whose struc- 
with diphenylguani and sulfur 
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In another set of experiments we used the change of equilibrium modulus as 
a means of studying the behavior of sulfur bonds in vulcanizates of different 
types at 100° C in an atmosphere of nitrogen (Figure 8 Only the diphenyl 
guanidine vulcanizate gives a slow steady decrease of modulus; this is due to 
rupture of the polysulfide bonds at 100° C. 

Dogadkin and Tarasova’ have shown that natural-rubber stocks vulcanized 
with diphenylguanidine and sulfur or with sulfur alone undergo an almost com- 
plete loss of stress at 100° C 

The slight decrease of the modulus of a polybutadiene stock vulcanized with 
diphenylguanidine and sulfur is probably due to the existence of a structure 
forming process brought about by the biradicals which are liberated by the 
polysulfide bonds and contain varying numbers of sulfur atoms Further, in 
stretched polybutadiene vulcanizates a complete loss of stress is impossible in 
principle, since the carbon bonds formed, which are characteristic of this type 
of vulcanizate, cannot be broken under the conditions of the test 


CONCLUSIONS 


1. A study of the effect of combined sulfur on the oxidation of swollen and 
unswollen polybutadiene vulcanizates shows that stocks vulcanized with diffe: 
ent types of accelerators (tetramethylthiuram disulfide, diphenylguanidine, and 


zinc ethylphenyldithiocarbamate) form sulfur bonds which differ in their con 
tent of long polysulfide groups. 

2. It is shown that sulfur liberated by the polysulfide bonds in vulcanizates 
reduces the speed of the oxidation reaction and the equilibrium concentration 
of stable peroxides The sulfur content also governs the structure-forming 
process which develops when a raw polymer containing sulfur is oxidized at 
90° C. The decomposition products of the polysulfide groups likewise lower 
the speed of oxidation in swollen vulcanizates at 150 

3. When swollen vulcanizates are heated in the absence of oxygen at 150 
only the polysulfide bonds decompose. Heating unswollen vulcanizates under 
the same conditions, however, brings about the reverse effect, viz., structure 
formation 

4. Sodium sulfite and alcoholic alkali do not remove completely the poly 
sulfide sulfur from vulcanizates. 

5. In the process of vulcanization a rearrangement of the sulfur bonds 
takes place, and this is accompanied by a reduction of the polysulfide content 
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ROLE OF PARTICLE DIAMETER AND LINKAGE 
FORMATION IN RUBBER REINFORCEMENT 


BLANCHARD 


INTRODUCTION 
rubber, as judged by improved tensil strength, tear 
very dependent on the particle diameter of the rein- 


However, the number and size of the particles seem unlikely to 


! evidence for this 


factors of importance; and there is in tact some 
wing contribution to the subject is concerned with interpreting the 
action of carbon blacks in stiffening and improving the abrasion resistance ol 


rubber, though other aspects also will be briefly considered 
Reinforced rubber can be softened drastically by pre-extensions exceeding 


the extension used to determine the modulus (cf. Mullins Blanchard and 


Parkinson The stress-strain 
and between 70 and 400 per cent, can then be described by the following 


curves for extensions less than the pre-stress 


equation 


Dia inG + ia 


for some extension ratio a on the fourth exten- 
( ifter three successive applications of the pre-stress S. The function 
on the extension in accordance with the equation 


dla) depends only 
ola O31 la In | 2 | 


parameters G and w have been termed modulus and extension factor res- 
ind both decrease as the pre-stress increases 


extension factor wu expresses approximately the deviation from the the- 


f ind James’, representing unreinforced vulcanizates 


| equation of G itl 
G will clearly reflect changes in rub- 


wderate ex Tr The parametet 
en used as a rough measure of stiffening linkages 

ing rv y sulfur crosslinks formed 

ization proce 118 a88uUmption 48 4 

} f iO ) lan ird*’* et al though 


rik wen iu 


e theoret tl justine ition } } a concept ol force 


to pre stressing hard et al 
yhen breakage 


orresponding 
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eX- 
is calculated 
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planimeter trom the tress-strain 
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A general law of softening corresponding to a common linkage streng 
tribution parameter K 0.276 for the secondary linkages formed by a 
of types and grades of filler is expressed* by the equations 


where G* is the residual modulus determined by strong linkages, which include 
those due to vulcanization They are here termed primary to distinguish them 
from the secondary linkages G, whi h ean be read broke n by pre stressing 
It has been shown that XY does not require correction to take account of the 
volume occupied by the filler, but values of G* and G, should be multiplied by 


| f 


1 + V where V is the volume of filler per unit volume of rubber‘ 


EXPERIMENTAI 


The « xperiment il methods used to stud tre 
described elsewhere by Blanchard* et al. In the 
G, and G* were obtained from the slope and inter: 
G versus the function F(X) for a range of pre-stresses between 30 and 200 kg 
em and with separate testpleces for each pre stress Later the procedure 
re placed by an abbreviated tec hnique which empl ( ily two magnituade 
pre-stress (40 and 140 kg./cem,* Both pre-stresses were applied to th 
testpiece, the effect of the preceding 40 kg./c! on the measurement for 
kg./em.* being negligible because of its relatively small value The 
for obtaining G and yu also was shortened by considering only two wel 
points on the fourth extension curve. Thus, if /; and F» are the 


responding to extension ratios a; and a», we have by Icquation (1 


In F ola InG + ula 
i dD (ory r 
In F ola Ind + ula 


Subtracting and denoting In F dla) b 


where 


Hence the modulu 


G 


A has been written for (ay 
percentage elongations corresponding to suital 
to the’ xtension at the third pre 
| 


j 


I 

' 

ny iu ol ¢ ! ‘| 
ani Valu i Oia i 4 


correspon 
alter pre stresses 40 and 140 kg./em the 


X aS/G! were cal ulated, and hence F 


then used to calculate G* and G,, using 
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Thue 


Gd. ~ @ 
F(X; F(X) 


(8) 


G* Gy GF | X; ) (9) 


Abrasion resistance indexes of the reinforced vulcanizates in these experi- 
ments were obtained using a constant power Lambourn machine (see Powell 
and Gough® These are the reciprocal of the ratio of the weight loss by 
abrasion to the loss in weight of standard test pieces under conditions of con- 
stant power transmission 

The general formula for all the compounds to be tested in these experiments 
was (in parts by weight) 


Natural rubber 100.0 
Filler Various 
Stearic acid 2.0 


Zine oxide 5.0 


Accelerator (N-cyclohexy! benzthiazole-2-sulfenamide) Various 


Sulfur 2.5 


Antioxidant 1.0 


All the compounds were mill mixed at low temperatures (initial roll tempera- 
ture 60 + 5° ¢ 

The experiments included a study of the changes in G, and G* with increas- 
ing concentrations of MPC and P33 blacks, Philblack A, calcium carbonate 
(Caleene), and magnesium carbonate. The formulas were basically as above 
with 0.5 part of accelerator with Philblack A, 0.7 part with magnesium car- 
bonate, P33 black, and Caleene, and 0.8 part with MPC. Vulcanization 
periods were, respectively, 30 and 65 minutes at 280° F (138° C) for the P33 
and MPC compounds, 30 minutes in the case of magnesium carbonate and 
Caleene, and 55 minutes for Philblack A In the case of Philblack A, mag- 
nesium carbonate, and Calcene, the compounds were tested using the abbrevi- 
ated technique for obtaining G, and G* 

Later the action of several fillers in rubber was compared after mill mixing 
to the above general formula. The fillers studied were HPC, MPC, and con- 
ductive channel blacks; graphitized channel black (Graphon - HAF, FF, and 
SRF blacks; lamp and Shawinigan blacks; and calcium silicate of small particle 
diameter (about 30 my The compounds contained 0.5 part by weight of 
accelerator, except in the case of calcium silicate, Graphon, HPC, MPC, and 
conductive channel blacks, which all had 0.7 part. In each case the volume 
concentration of filler per unit volume of rubber was V = 0.26, and the test- 
pieces for all the tests, which included abrasion resistance, tear resistance and 
tensile strength, were vulcanized for 55 minutes at 280° F (138° C). The 
abbreviated pre-stress technique using pre-stresses 40 and 140 kg ‘com.”, was 
employed in the stress-strain measurements. Duplicate mixings were pre- 
pared of all the compounds in the comparison 

An experiment to investigate the effect of pre-stressing on abrasion resist- 
ance also was carried out on some of the above compounds Large dumb-bell 
shaped testpieces were pre-stressed, and the center portions were cut out and 
fixed to abrasion wheels for testing. The re-formation of secondary linkages in 
the interval at 20° C between pre-stressing and testing was negligible. Owing 
to breaking of the testpieces at the shoulder, pre-stresses greater than 150 kg./ 
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em.” were not used Four testpieces were used for each pre-stress, two test 

pieces being formed from each of the duplicate mixings 

LINKAGE FORMATION AS REFLECTED BY STRESS-STRAIN 
MEASUREMENTS 


In general the vulcanizates compared during 
were given roughly the optimum time of cur 
study should be made of the effects on G, and 
than and greater than the optimum. Figure 
tained by the abbreviated procedure for a ra 
S$ minutes at 280° F (138° C), the compou 


with 50 part by weight of MPC black 
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for the volume occupied by the filler is (1 + V)G,, where V is the volume of 
filler per unit volume of rubber; and the component of the secondary linkages 
due to the filler is (1 + V)G, — &. This measure of secondary rubber-filler 
linkages has been plotted against the volume concentration V in Figure 2 for 
MPC and P33 black, and in Figure 3 for Philblack A, magnesium carbonate, 
and Calcene. The increase in secondary rubber-filler linkages with increasing 
concentration of filler is roughly linear up to V = 0.3 with the exception of the 
case of magnesium carbonate. A linear relation is not unexpected on the as- 
sumption that the ordinate of Figures 2 and 3 is a measure of secondary linkages 
induced by filler particles, and provided that the dispersion of these particles 
in the rubber does not vary with the concentration 














ein secondary | uges with concentration of filler 


The increase with filler concentration in the strong (primary) linkages repre- 
sented by (1 + V)G* is shown in Figure 4 for MPC black, P33 black, and 
Calcene, and in Figure 5 for Philblack A. There is evidence of a decrease in 
(1 + V)G* with increasing concentrations of magnesium carbonate. Figure 4 


clearly shows the marked increase in primary linkages on incorporating MPC 
black, and the relatively small increase with P33 black, and even smaller in- 
crease with Calcene A common value G* 3.7 for the intercept at zero con- 
centration appears consistent with results for gum stocks of similar formula. 
In comparing various fillers (see below), this has been subtracted in order to 
obtain a rough estimate of strong linkages contributed by the filler. The 
difference between MAF black (Philblack A), which is responsible for a marked 
increase in strong linkages, and magnesium carbonate, with no ability to form 
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x MgCO, 











well illustrated by Figure 5 T he increase due to MAF 
wk in this case appears to become more rapid at high concentrations 


Comparison between fillers.—Table | shows the mean estimates of strong or 


primary linkages (1 4 V)G* which were obtained for the duplicate mixings in 
the experiment to compare various fillers kstimates of secondary linkages 
| + V)G,, and the energy dissipated in breaking them, are presented and dis- 
cussed elsewhere*. The component G*,; of the primary linkages due to the 
filler is roughly represented by the expression (1 + V)G* — 3.7 in which 3.7 is 
taken to represent similar vulcanizates without filler. Estimates by the elec- 
tron microscope of the arithmetic mean parti le diameters of the fillers also are 
quoted in the table 
The table shows no relationship between particle diameter and primary 
linkages as reflected by stress-strain measurements. The partially graphitized 
channel black (Graphon) shows drastically reduced linkage forming capacity in 
comparison with normal carbon blacks. It is doubtful whether any primary 


linkages are contributed by the calcium silicate filler 


TABLE | 


Srrain Data vor NaturaL Rupper ConraininG 
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Primary linkages as reflected 
by stress-strain measurement 
lype of f fiat (1+V)G* (14+V)G*-3.7 
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TaBLe II 
REINFORCEMENT DaTA ror VARIOUS FiuLers In NatrurAL RuBBER 


4A.8.T.M. tear 
resistance at 
Mean 20° C 
particle . Tensile 
diameter brasion With Against strength 
Type of filler mip " rair arain kg. /« 

Conductive channel black (Spheron C) 23 2.4 
HPC black (Spheron 4) 24 5.2 
MPC black Ceoayre 6) 25 1.3 
Graphitized MPC black (Graphon) 25 
HAF black (Vulcan 3) 27 
FF black (Sterling 105) 32 
FF black (Sterling 99) 39 
Shawinigan acetylene black i) 
SRF black (Sterling 8) 80 
Lampblack 100 
Calcium silicate =30 


REINFORCING ACTIVITY OF FILLERS 


Table II shows further data on the physical properties of the compounds 
represented in Table I. The importance of filler particle diameter in deter 
mining the reinforcement of rubber is generally appreciated, and it is well illus 
trated by these data. The partial graphitization of channel black to form 
Graphon has reduced its reinforcing activity substantially. The calcium silicate 


ce 








50 ~“—~CS*C«e 
PRE -STRESS - kg/cm’ 


Fig. 6.—Effect of pre-stresses 0 to 150 kg./com.* on abrasion resistance 
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reinforcing ability, although the particle diameter is in the region of 


DISCUSSION 


Contribution of linkages lo reinforce ment In previous work onl Ininor 
importance in reinforcement was attributed to those weak (secondary) link- 


ages in by fillers which can be readily broken by pre-stressing, though 
3 presented of some reduction in abrasion resistance by pre-stressing 
ird’® et al.). This conclusion is supported by later investigations 


10 prospect of explaining differences in reinforcing ability by con- 


diameter together with either the secondary linkages or the 








HAF BLACK 
MPC BLACK 
STERLING 105 
GRAPHON 
CALCIUM SILICATE 


ng them* Moreo { ore extensive investigation 


ng on ibrasion re ne indicates that the earlier 


experime nts exaggerated the magnitude of the efle though It is not clear how 
this happened. Figure 6 shows the results of the later experiments described 
on page 1287. The abrasion resistance indexes are all considerably lower than 
those in Table II, and this may be due, at least in part, to the period of 8 to 12 
months aging before testing. The reduct resistance with pre 
tresses up to 150 kg./cm.* is quite small, and show le difference between the 
irious carbon blacks tested Regression analys rave negative slopes of 
0.027, respectively for HPC, HAI 


magnitudes 0.036. 0.030. 0.037, 0.052 


MPC, FI blacks. The experiment was repeated on a freshly mixed 


} 


and therefore unaged HAF vulcanizate, and this also showed little decrease in 
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150 kg./em2, but the abrasion 
resistance was roughly 20 per cent higher than that of the aged HAF vuleani 
zate. These results come closer than previous WOrk to the results obtained by 


the Research Association of British Rubber Manufacturers (Research Memo 
abrasion resistance 


abrasion resistance with pre-stresses up to 


randum {352 which indi ated no effect of pre-stressing on 
The abrasion resistance with | 0.26 imes of a filler 


as a diluent would be expected to be reduced | the presence of the filler Data 


which acts merely 


for inert fillers of large particle size suggest an abrasion resistance index A 


0.26. and this can be taken for comparison with th 


between 15 and 20 for V 
0) the 


data in Table II for reinforcing fillers. With no filler present (\ 


abrasion resistance A,’ would be in the region 20 to 25. In Figure 7 the value 
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stress-strain measurements The stress sicium 
silicate filler, and in Figures 4 and 5 for bonate 
show that these fillers with little effect o1 differ further 
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important contribution to reinforcement. On the other hand Figure 7 indi- 
cates that abrasion resistance is not very sensitive to the number of primary 
linkages in the quantities normally obtained with carbon blacks, much of the 
improvement being retained even with the partially graphitized black known 
as Graphon, which shows greatly reduced capacity to form linkages. Figure 8 
shows that this conclusion applies with even greater emphasis to tensile strength 
and tear resistance. A much smaller number of primary linkages than is 
normally introduced by carbon blacks can evidently contribute much to the 
reinforcement of rubber if the filler particles are small. 

Effect of carbon particle diameter on reinforcement.—The predominating in- 
fluence of particle diameter on tensile strength, tear, and abrasion resistance is 
illustrated by the data in Table II. This paper is primarily concerned with re- 
inforcement as measured by abrasion resistance, and only that property is con- 
sidered here. It may be suggested that the poor reinforcement with coarse 
blacks of low specific surface is due to the relatively low interfacial area for 
linkage formation. However, when blacks of different particle sizes are com- 
pared by stress-strain measurements, the primary linkage formation as reflected 
by these data (Table I) is unrelated to particle diameter, and so could not ex- 
plain the effect of particle diameter on reinforcement. A study of the second- 
ary linkages, moreover’, has shown that the filler particle diameter had no in- 
fluence in these experiments on the energy dissipated in breaking secondary 
linkages, or their number as reflected by their stiffening action. This may be 
considered a serious objection to the presumption that specific surface or inter- 
facial area determines linkage formation in rubber, and hence (supposedly) the 
reinforcement. The impossibility of attributing the dependence of reinforce- 
ment on particle diameter to differences in the interfacial areas ostensibly avail- 
able for primary linkage formation can also be seen by reference to Figure 7. 
This graph shows the variation of abrasion reinforcement (A-15) with primary 
linkages as reflected by stress-strain data for fillers of similar particle diameter. 
It indicates that even as little as one-third of the primary linkages induced by 
HAF black provides an abrasion reinforcement of about 70 for equivalent par- 
ticle size, whereas Table II shows that SRF black with roughly one-third the 
specific surface provides roughly three-quarters of the primary linkages and an 
abrasion reinforcement of only 37. Moreover, any theory of reinforcement 
based on the concept of total surface available to the rubber suffers from the 
objection that it implies increasing reinforcement with diminishing particle 
diameter, no matter how small the particles. This is difficult to accept be- 
cause it suggests that chemical crosslinking by molecules (e.g., sulfur) would be 
the best means of reinforcement, whereas all our experience suggests that in- 


corporation of small filler particles is necessary to obtain a large improvement in 
abrasion resistance. For good wear resistance the particles, though small, 
probably need to have macromolecular dimensions 

Role of particle diameter and linkage formation in reinforcement.—For a given 


dispersion and concentration of filler it is suggested that reinforcement is most 
likely to find proper expression in terms of the number of linkages per particle 
and the number of particles. This is as natural an assumption as any which 
could be made concerning reinforcement; and it is in agreement with the con- 
clusion that particle diameter is of major importance on its own account, and 
not through influencing the degree of linkage formation. A decrease in the 
particle diameter d has opposed effects in increasing the number of particles, NV, 
per cc. of rubber and filler, and reducing the number of linkages, u, per particle. 
Consequently there is no reason why the above concept should not be consistent 
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with the conclusion that reinforcing particle s probably need to have macro 
molecular dimensions, though small. This concept interprets reinforcing 
action in terms of two variables, u and N, the particular functions describing 
its dependence on each of these quantities being as yet unspecified. It would 
be equivalent to an interpretation in terms of specific surface only if the in- 
fluence of these two quantities could be expressed in terms of their product A 
and if the number of linkages u per particle were proportional to the partich 
surface area d°, 80 as to make the product proportional to 1/d* & d*, i.e., to the 
specific surface. 
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The next step in developing these ideas was to recognize that the character 
istics of the rubber itself, and the proportion of rubber present, must limit the 
abrasion reinforcement (A A’) which can be obtained by the inclusion of 
active filler particles. This limit wil be denoted by Q, when the volume of 
filler per unit volume of rubber is V. It will also be assumed that the depend 
ence of reinforcement on u and N can be expressed by separate functions, so 
that: 

y By Q,B(u) EN 10 


where B(u) is some function of the number of linkages per particle, and E(N) is 
some function of the number of particles. When there are no primary linkages 
per particle, i.e., u = 0, we would expect no reinforcement, and Blu 0 
When the concentration of filler and the particle diameter are constant, we have 
E(N) = constant; and this is roughly the condition applying to Figure 7 
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which describes the influence of primary linkage formation on the abrasion 
reinforcement (A A,’) for V 0.26 and A,’ 15 
To fit the curve in Figure 7 a function is proposed for trial having the form 


Blu exp (11) 


where 7 ( constant. This relationship gives B(u) = 0 when u 0 and 
Blu asu-**%. The number of particles (1 + V)N per ce. of rubber is 
6V /rd* so that the number of linkages u per parti le is proportional to Pa*, V, 








nt on the carbon particle di 


f inkages per particl 


where G*, is the measure obtained from stress-strain data of primary linkages 
due to fillers (see p. 1287 quation (11) may therefore be written 


B u f p I} i’G* (12) 


where TI’ is some constant. If an expression of this form is consistent with the 
experimental data there should be a linear relation between the abrasion rein- 
forcement data in Figure 7 and the function B(u) as expressed by Equation (12 

The graph in Figure 9 shows that there is a roughly linear relationship for thes 

data with I'} 6 & 10° when the particle diameter is expressed in mu. The 
value of !'V was chosen also to obtain the best representation of the remaining 
data for carbon blacks of widely different particle size. Since } 0.26 the 
value of I’ in this case is 2.3 X 10*. 
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The extent to which the function B(u) expresses the influence of primary 
linkages on abrasion reinforcement by carbon blacks of widely different particle 
sizes can be seen in Figure 10. The upper curve represents abrasion reinforce- 
ment (see Table II) graphed as a function of the particle diameter only, and it 


shows considerable scatter of the points about the curve. In the lower curve 
differences in primary linkage formation have been taken into account by 
dividing by B(u), and as a result a fairly smooth line is obtained. The form of 
the lower curve is that of the as yet unspecified function E(.V) in Equation (10) 
The significance of the choice of the recipro¢ al of d in plotting the graphs is 
explained below 

The way in which the number of particle s can be expected to influence ab- 


rasion reinforcement can be appreciated by picturing one layer being rubbed 
torn, and split away from the body of the material The linkage-forming 
particles closely involved by the separation will have their centers lying within 
a distance d/2 on either side of the line of cleavage, i.e., within a volume d if unit 
areas are separated. The number of particles closely involved by the rupture 
will therefore be Nd, which is proportional to the reciprocal of d* for a given 
concentration of filler 

At this stage no att mopt will be made to assign a mathematical form to the 
function E(N This is because it is felt that the data presented are inade 
quate even for a tentative empirical choice. The function B(u) of the number 
of linkages per particle (I;quation 12) decreases very sharply as the particle 
diameter d decreases below 15 my to 10 my or less It is therefore probable that 
the effect of diminishing numbers of linkages per particle will rapidly become 
the decisive factor for mean particle diameters in the region 15 to 10 my 
Consequently a sharp optimum or peak reinforcement in the region 20 to 10 
my is indicated by extrapolation of the tentative empirical function B(u In 
practice, however, the sharpness of such an optimum would be reduced by the 
existence of a distribution of particle sizes about the mean in all practical cases 


GENERAL CONCLUSIONS 


There are grounds for thinking (compare Blanchard? et al., Parkinson®) that 
a relatively small number of strong linkages induced by carbon particles are an 
important factor in the reinforcement of rubber by carbon blacks. The evi 
dence here presented of strong (primary) linkages from stress-strain measure 
ments is practically confined to carbon blacks; and it is very noticeable, indi- 
cating substantial numbers with normal blacks, though few relative to the 
secondary linkages broken by pre-stressing Abrasion resistance is not very 
sensitive to primary linkages in these quantities, a large part of the reinforce 
ment being contributed by relatively few primary linkages such as are induced 
by Graphon. 

For a given dispersion and concentration of filler it is suggested that rein 
forcement is most likely to find proper expression in terms of the number of 
particles and the number of linkages per particle, both factors being functions 
of the particle siz One consequence of this theor i limit to the advantage 
which can be obtained by using smaller particles nd in this connection it is 
noteworthy that experiments with ultra-fine blacks have so far proved rather 
disappointing 

No attempt is made here to discuss the nature of the strong (primary) link 
ages induced by carbon blacks It was formerly suggested by Blanchard? et al 
that these were chemisorptive, but this interpretation is not supported by in 
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vestigations of the nature and activity of carbon black surfaces by Polley, 
Schaeffer, and Smith’, and more recently by J. W. Watson and Parkinson® (to 
be published) 

Although the concepts of reinforcing action suggested in this paper do not 
consider the configuration of carbon particles in rubber, they may nevertheless 
be related to ideas which have been developed concerning the formation of in- 
soluble bound rubber or carbon gel*’ (Sperberg, Svetlick and Bliss; Sweitzer; 
Sweitzer, Goodrich and Burgess), for this phenomenon would be influenced by 
a strong type of linkage. The formation of increased numbers of strong link- 
ages by certain heat treatments leading to improved reinforcement is suggested 
by recently published researches on Butyl rubber’® (Gessler; Gessler and Ford). 
The mechanism or mechanisms of such strong bonds is a problem which remains 


to be solved 
ABSTRACT 


Fillers with little effect on abrasion resistance differ further from carbon 
blacks in having little or no tendency to introduce some form of strong-type 
linkage which could sitffen and strengthen the rubber at high extensions. Such 
linkages are here termed primary to distinguish them from secondary (weak- 
type) linkages, which have a range of lower strengths as revealed by breakage 
with applied stress, and contribute little to reinforcement. The abrasion resist- 
ance for a given filler concentration is much improved even by remarkably 
small numbers of primary linkages if the particles are sufficiently small; and 
it is comparatively insensitive to the number of primary linkages in the quanti- 
ties normally obtained with carbon blacks. For instance, a considerable de- 
gree of reinforcement is obtained with the partially graphitized black known as 
Graphon, although this black shows drastically reduced capacity to form link- 
ages and little change in particle diameter. The large differences in the wear 
resistance of vulecanizates containing different grades of carbon black must 
therefore be attributed mainly to the particle diameter itself rather than to the 
linkages formed Moreover, primary linkages as reflected by stress-strain 
measurements could not explain the effect of particle diameter on reinforcement 
because they are unrelated to particle diameter. For good wear resistance the 
particles probably need to have macro-molecular dimensions, though small. 

To regard the effect of particle diameter in terms of the interfacial area for 
linkage formation is inconsistent with the above conclusions. For a given dis- 
persion and concentration of filler it is suggested that reinforcement is most 
likely to find proper expression in terms of the number of linkages per particle 
and the number of particles. This is expressed mathematically in a tentative, 
empirical form of equation designed to fit general conceptions, and to correlate 
roughly the abrasion resistance with filler particle diameter and with primary 
linkages as reflected by stress-strain measurements. The equation implies 
that reinforcement increases with diminishing particle diameter until an 
optimum is reached, and thereafter decreases to become negligible for particles 


of molecular dimensions. 
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RATE OF ADSORPTION OF HIGH POLYMERS ON 
CARBON BLACK IN RELATION TO THEIR 
MOLECULAR WEIGHT * 


4. J. YurzHenko Anp I. IL. MALeev 


Ivan Franko Lvov U.5.5.R 


The nature and rate of adsorption of high-molecular substances on carbon 
particularly in the d 


black is of interest in a number of instances 
adsorption methods of fractionation of high-molecular substances, but also in 
the use of carbon blac k 48 & filler for rubbe 7 the number ol papers on the ad- 


velopment of 


orption of high molecular compounds is Smal 


T he effect of the mole 
orption of high-molecular substances from their dilute solutions at C 


ular weight of different polymers on the rate of ad- 
0.1 
0.25 per cent was studied in this work. Samples of polyisoprene, polystyrene, 


emulsion polymerization 


sample of SKS-30 rubber 
series of polystyrene fractions was obtained by 
methyl ethyl ketone and but 
ill the polymers and their fractions the characteristic 
from which the molecular weight value of the 
polymer was determined Carbon black of the Ukhtinsky and Dashavsky 
factories was used as the adsorbent, the specific surface of which was deter- 
mined by the adsorption of acetic acid from a benzene solution 

relative values of the specific surface of carbon black (in 
furnace carbon black 89.1; 


at a temperature of +5° and +50”, and also a plant 

were the objects of the investigation. Moreover, a 
the method of fractional pre- 
cipitation from | acetate, using methanol as 
the precipitant For 
viscosity was determined, 


The following 
obtained special carbon black 220.6: 


10.0 


it Z were 
and channel carbon black 
Phe adsorption experiments were carried out at +20 
0.5 g. of carbon black and 15 ml. of a 0.25 or 0.1 per cent solu- 
At the end of the 


in sealed ampoules, 


with agitation 


tion of the polymer in benzene were placed in the ampoules 
experiment the ampoules were opened and the relative viscosity of the centri- 
fuged solution was determined 
factory had the highest adsorption capacit It completely a 

from solution under the conditions 


The special carbon black of the Ukhtinsky 
dsorbed poly- 


atyrene, polyisopre ne and SKS-30 rubber 


Complets 
whereby the furnace carbon black, having 
extent than did the channel carbon 


specified adsorption was not observed for the other carbon black 
samples the smaliest specific sur- 
face, adsorbed polystyrene to a greater 
black Thus, the specific suriace of the adsorbent in a given case does 
on capacit which depends on the differences in 


Vaile 


not determine the ads 
ind other properties of the cart 


on Diack 


structure 


The rate of adsorption of a high pol solution dep nds to a con- 


mer from 


siderable extent on the size of its molecules The lowe! the molecular weight 


ris its rats 
tangent of the angle of slope of the line tan- 


of the poly me the g on on a solid adsorbent This 


is expressed by the increase of the 
* Translated for Runs : (ueMIATH AN ‘ S. Ma f Doklady Akademii 


VNawh 5.#. Vol. 104 
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MUA 





4 rm 





4 


of complete adsorption of polymer t quare of the intrinsic 


entration of original solution, ( 0.1 Polystyrene, ¢ 01 
‘ 


in minutes; the abscissa the square of the molar intrinsic viscosity (» 

gent to the kinetic adsorption curve (polymer concentration in solution 
adsorption time), and also by the decrease of time of complete adsorption with 
decrease of the molecular weight. The time of complete adsorption was dete: 
mined as the time nec« ssary for complete disappearance of the polymer from 
the solution 

It was found that the time of complete adsorption increases linearly with an 
increase of [» }* of the original polymer, whereupon the same picture was ob 
served for both the non-fractionated polym«e rs, and for their individual frac- 
tions. Polystyrene, and also its individual fractions, which have the sam 
intrinsic viscosity, adsorbed at approximately the same rate (see Figure | 
Also the rate of adsorption of polystyrene, obtained at a tk mperature of -+ 5 


) 


diffe red littl rrom that obtains d at T 50 ( se¢ J iwure <2 


Mun 








ae 


of complete adeory tion of yx 


Polystyrene tained at 


ordinate indicates the time 
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It is interesting to observe that under stable identical conditions, different 
polymers are adsorbed at different rates. Thus, polyisoprene was adsorbed 
on carbon black much more slowly than was polystyrene (Figure 2); the co- 
polymer of butadiene with styrene occupied an intermediate position 

The solvent from which adsorption is carried out has a pronounced effect on 
the adsorption rate. 0.1 per cent solutions of polystyrene, which had a char- 
acteristic molar intrinsic viscosity [4] of 46.1 were studied. In general, the 
time of complete adsorption increases on passing from “poor’’ to “good” sol- 
vents. The times of complete adsorption of a 0.1 per cent solution of poly- 
styrene from different solvents are given in Table 1 


TABLE | 


Time for complete 
Nintrinsie for adsorption 
Solvent 0.1% solution (min.) 
Buty! acetate 1.169 15 
Methylethy! ketone 1.214 30 
Benzene 1.641 40 
Toluene 530 60 
Xylene 1.467 90 
Chloroform 2.771 140 


In order to determine the specific viscosity of the nonadsorbed portion of 
the polysytrene, it was separated during the process of adsorption. In the 
present case, experiments were made in a liter ampoule, into which were placed 
26.6 g. of carbon black and 800 ml. of a 0.25 per cent solution of twice-reprecipi- 
tated polystyrene. The ampoules were placed in a vibration mixer, and after 


20 minutes the contents of the ampoules were centrifuged in a supercentrifuge. 
The resulting clear solution was evaporated to a smaller volume, after which 
the polymer was precipitated with methanol. The data obtained are given in 
Table 2 

TABLE 2 


Intrinsic Intrinsic 
Viscosity viscosity 
of original of nonadsorbed 
polystyrene portion of 
sam ple Solvent polystyrene 


24 Benzene 45 
24 Buty] acetate 60 


These data show that for homologous-polymer mixtures, as nonfractionated 
polystyrene appears to be, small polymer molecules are adsorbed more quickly 
than are large molecules. In the adsorption of polystyrene from buty] acetate, 
where the adsorption rate is greater, the enrichment of the high-molecular 
polymer fractions is greater. 

We studied the mechanism of the adsorption of high polymers from their 
dilute solutions on carbon black. 
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MEASUREMENT OF DISPERSION IN 
BLACK-LOADED RUBBER * 


C. H. Letgn—DuGmMore 


Dun cor Researncu Centre, Bramincuam, Enaianp 


The reinforcement of rubber by finely divided fillers depends, among other 
factors, on the smallness of the filler particles. If the reinforcing ability of a 
filler is to be exploited fully, its particles must be separated from each other in 
the rubber as completely as possible, i.e., they must be well dispersed. In 
practice, such perfection is seldom achieved, and aggregates of undispersed 
particles are to be found. 

The adequacy of a dispersion can be assessed by observing directly the 
numbers of aggregates of different sizes. This can be done with the electron 
microscope, but the procedure is too unwieldy for regular use. 

For most purposes it is sufficient to determine the proportion of the filler 
which has been dispersed as aggregates smaller than some stated size. This 
can be done by examining thin sections of the compounded stock under a light 
microscope. 


CUTTING THIN SECTIONS 


The best way to prepare sections of rubber thin enough to be examined with 
visible transmitted light is to cut them while frozen with a sledge microtome ; 
this is the technique of Tidmus and Parkinson’. Squeeze-out and stretching 
methods of various kinds have been advocated from time to time, but none is so 
effective nor so suited for quantitative assessment of dispersion as this micro 
tome method which has been used in Dunlop laboratories for more than twenty 
years. 

The only change that has been made in the original method! of sectioning is 
to substitute glass? for steel knives. Rhomboid-shaped pieces are cut from 
quarter-inch or 0.375-inch plate glass and the acute-angled edges of about 45 
are used for cutting. The two such edges on one “glass knife’’ will cut as many 
rubber sections before becoming dull as will a steel knife edge. It is then much 
simpler and more economical to throw the glass away and cut another piec« 
(from scrap glass from the glazier’s shop) than to spend several hours sharpen 
ing a steel knife tazor blades, specially mounted, have also been tried but 
they leave more knife marks in the section and blade flutter causes uneven 
thickness. Glass knives leave fewer knife marks than even the best quality 
steel though when they do appear they are more pronounced 

With experience and reasonable care sections between two and four microns 
thick can be cut from vulcanized rubber. With greater care sections can be cut 
thinner still, though not reliably, and thin enough for the electron microscope 

The only way that has been found practicable for removing sections from 
the knife edge and mounting them for examination involves flooding them with 
naphtha. This causes swelling and increases the area of a vulcanized rubber 
section about twice. Vulcanized rubber sections swell uniformly, unvulcanized 


* An original contribution This paper was presented beef the ID sion of Rubi hem istr f the 
American Chemical Society at its u eeting in Cleveland, 1 
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Microtome (with steel knife) and auxiliary apparatus 


ones do not. If the piece of vulcanized rubber which is to be sectioned is 
measured beforehand (say with the vernier attachment on the microscope 
stage) and the mounted section is measured again afterwards the amount of 


swelling can be recorded as the areal swelling factor, s, which is the ratio of 


these two areas, 
ASSESSMENT OF DISPERSION 


The sections are examined in a light microscope with a micrometer ruled in 
squares in the eyepiece, using transmitted light and a total magnification about 
70 to 100 » The area of agglomerates in the field of view is measured in units 
of one square of the micrometer by counting the number of squares covered by 
agglomerates which are each larger than half a square If the section thickness 
is small compared with the smallest agglomerates counted, the total area, U, 
of agglomerates in the field can be taken as proportional to the total volume, 
V, of agglomerates in the field So, if the unswollen thickness was ¢, 


Ut 


If L% by volume of the whole unswollen stock is carbon black, the total 
yolume of black in the field viewed is 


Lat 
100 
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and the proportion of this in the form of agglomerates which have been counted 
18 


x 10°, 


~ La 


If the micrometer has 10‘ squares, and the field they cover had area a unswollen, 
1 
sa = 10) 


where s is the areal swelling factor, and 


The percentage of the total black content which has been dispersed as ag- 
glomerates smaller than those counted is then the dispersion coefficient, 


D 100 RY, 


100 


Once the sectioning technique has been mastered it is not difficult to cut 
sections regularly 2 or 3 microns thick. Because an areal measurement, U/, is 
used to provide a volume assessment, D, of the dispersion, the smallest agglom- 
erates counted should be larger than the section thickness. In the author’s 


Fie. 2.—-Microtome (with glass knife) showing specimen mounted and 
frozen for sectioning 
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aph of rubber sec ith image of micrometer superimposed 


laboratory the side of a square of the micrometer is equivalent to 13 microns 
in the plane of the specimen and an agglomerate is counted if its area is half 
& square or greater. 

The method has been found satisfactorily reproducible even between differ- 
ent laboratories. This is demonstrated in Table I. 

Measurements of dispersion by this method will readily show up inade- 
quacies of mixing technique. For example, Table II shows dispersion measure- 
ments at three stages in the mixing of LTP tread compounds containing HAF 
and ISAF blacks. Preliminary mixing was little more than sufficient to in- 
corporate the black as powder into the stock. Each stock was remilled twice 
after intervals of 24 hours. The progressive improvement in dispersion in each 
case is obvious 

This method of measuring dispersion has also been applied with success to 


polyethylene-carbon black masterbatches. 


TABLE | 
Rerropucisiuiry oF Dispersion MEASUREMENTS’ IN DiFFERENT LABORATORIES 


Sectioned in Laboratory X 
Dispersion measured in 

Sectioned and 
Laboratory Laboratory measured in 
Specimen xX Y Laboratory Y 

A 98.5% 98.37 98.5% 
B 93.2%, 90.0% 92.7 ° 
mone 


C 86.5%, 85.9% 5.5% 
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Tasie II 
Errecr or MrxinG Procepure on Biack DIsPEeRsION 


After After After 
preliminary remilling remilling 
mixing once twice 
76.8% 90.5% 93.2% 
51.6% 81.8% 96.1% 
56.7% 75.2% 85.4% 


47. 8% 78.4% 89.8% 


DISCUSSION 


It is sometimes argued whether good dispersion is necessarily important 
since little direct evidence has been collected on the adverse effects of bad dis- 
persion. Little evidence is available, but if, as has been amply demonstrated, 
particle size and specific surface are critical features of reinforcing fillers it must 
be necessary to utilize them fully through adequate dispersion. 

On the other hand, uniform distribution of the particles may not be essential 
and is not to be confused with good dispersion. Filler particles may be dis- 
persed, that is separated from each other and each surrounded by rubber, with- 
out being uniformly or evenly distributed throughout the mass of the rubber 
Electron microscope studies have shown that uniform distribution is probably 
never achieved and the work of Ladd and Ladd® and of Kruse* suggest that 
regions or clouds may commonly occur in which there are relatively high con- 
centrations of black though the particles within the clouds may still be well 


Fig. 4.—Micrograph showing regions of high black concentration 
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dispersed or separated from each other. Such non-uniform distribution may 
or may not be a virtue, 

Regions or clouds of this kind can be confused, during light microscope 
examination of sections, with completely dry aggregates of black, but with 
experience this becomes less likely tegions of high black concentration have 
smoother more regular outlines and are less opaque than aggregates of black 


alone . 
CONCLUSIONS 


The gross dispersion of carbon black (or of other particulate fillers) in 
rubber can be measured quantitatively by cutting thin sections and examining 
them under the light microscope. The method is very suitable for control of 
mixing processes either in the factory or the compounding laboratory. 
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SURFACE TREATMENT OF HYDRATED SILICA 
PIGMENTS FOR REINFORCEMENT OF 
RUBBER STOCKS * 


R. S. Srearns Anp B. L. JoHNSON 


Tue Firestone Trre & Rusper Ce AKR 


Many finely divided solids have been added to elastomers to effect reinfores 
ment of the cured stocks. It is generally agreed that the more finely divided 
the solid and the greater the degree of physical adhesion (wetting) between the 
surface of the filler and the polymer chains, the greater will be the general over 
all reinforcing effect'. However, recent work on the mechanism of reinforce 
ment has indicated that an important, if not limiting, property of the filler, in at 
least modulus reinforcement, is the immobilization of poly mer segments on the 
solid surface?. The immobilization is effected by the formation of strong 
chemisorptive bonds, if not covalent bonds, between the polymer and the filler 
The application of this concept to carbon blacks has been discussed in detail by 
the authors, and similar conclusions have been reached by Blanchard and 
Parkinson’ and by Barton, Smallwood, and Ganzhorn* 

Up to the present time carbon blacks are unique as reinforcing agents in 
Hevea and GR-S type polymers. The numerous inorganic fillers’ which have 
been studied are generally inferior to the carbon blacks in one or more respects 
rhe rubber chemist and technologist is chiefly interested in such properties as 
modulus, tensile strength, abrasion resistance, and resilience of the compounded 
stock. Tensile strength and resilience as commonly measured are primarily a 
function of the extent of surface, the particle-size distribution, and the degree of 
dispersion of the added pigment or filler. The chemical nature of the solid 


surface appears to be of secondary importance Abrasion resistance is a 


difficult quantity to measure, especially in the laboratory. Therefore, in study- 


ing the mechanism of reinforcement and the reinforcing effect of different types 
of fillers, measurements have been confined to an evaluation of the so-called 


“equilibrium modulus’’, 
calculated It has been found that the work of retraction is highly sensitive to 


from which an apparent work of retraction may be 


changes in the chemical nature of the solid surface and the results may be inter- 
preted in terms of the kinetic theory of elasticity 

In principle, the work of retraction is measured in the following manner’ 
The test-specimen is first conditioned at the highest temperature and the 
largest deformation to which the sample is to be subjected. The test-specimen 
is then retracted in small increments, allowing about 45 minutes for stress re 
covery after each 10 per cent reduction in elongation. The area under thi 
resulting equilibrium stress-strain curve is then measured with a planimeter to 
give the work of retraction. The limits of integration were kept between 0 and 
125 per cent elongation throughout this work and the maximum initial elonga 

* Reprinted from Industrial and Engineering Chemiatry, \ i8,N 


paper was presented before the Division of Rubber Chemistry at it 


1954 
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tion was limited to 150 per cent of the unstrained length. The temperature was 
kept constant at 30° C. 

Under the experimental conditions outlined above, the work of retraction 
as a function of the filler loading may be described by the equation: 


(Walt? = Wh + ov2/(1 — v2)? (1) 


where Wp is the work of retraction of the loaded stock between the indicated 
limits, W%, is the work of retraction of the gum stock between the same limits, 
v2 is the volume fraction of filler present, and @ is a constant representative of 
the reinforcing ability of the filler. @ may be considered as a measure of the 
effect of the filler on the configurational entropy of the polymer chain during 
deformation as a result of the immobilization of the polymer at the polymer- 
pigment interface. It has been shown? that: 


o = b(g)’ (2) 


where b is a constant, and g is the surface concentration of active sites capable 
of, and available for, the immobilization of polymer segments. More generally, 
g = Uri, where r; is the degree of reactivity of a site and n,; is the number of 


such sites. In applying Equations | and 2 to a series of data it is essential that 
all the curing ingredients and conditions be standardized so that W%, will be 


constant 

For GR-S stocks containing carbon blacks, it has been shown that the value 
of @ is positive and that furnace blacks have a higher value of @ than channel 
blacks of equivalent particle size. Nonreinforcing pigments, such as Graphon 
and hydrated silicas, were found to have a value of @ equal to zero. According 
to Equation 2, this means that for these fillers there are no sites on the surface 
for immobilization of polymer when stress is applied at the polymer filler inter- 
face as the result of the gross deformation of the sample. 

Inorganic fillers differ from carbon blacks in two respects. First, the essen- 
tially spherical carbon black particle is composed of an aggregate of parallel 
layer groups having a disordered graphitelike laminar structure. Second, 
carbon blacks contain considerable hydrogen and oxygen, the carbon-hydrogen 
and hydrogen-oxygen ratios being a distinguishing feature between different 
types of carbon blacks. It has been suggested that the carbon black particle 
may be considered as made up of polynuclear benzenoid hydrocarbons of high 
molecular weight. The surface of such a particle is capable of reacting with 
oxygen during milling and sulfur during cure to bond the polymer to the black 
surface through carbon-sulfur-carbon bonds, carbon-oxygen-carbon bonds, or 
carbon-carbon, bonds resulting from free radical type reactions®. 

If it is assumed that immobilization of polymer segments at the pigment or 
filler interface is a necessary condition for successful reinforcement, then for 
stocks containing inorganic fillers the value of ¢, or the inherent reinforcing 
ability of the pigment, should be enhanced if the surface of the particle could 
be treated so as to provide sites whereby the polymer molecule could be im- 
mobilized. This immobilization, as a result of the effective increase in the 
number of cross-linked units in the polymer pigment matrix, would appear as an 
increase in the modulus of the cured stock. 

The experimental work that is described below is an attempt to apply the 
concepts already outlined to hydrated silica-type pigments. This work was 
completed in October 1950, before attention was called to the work of Stelling’. 
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The conclusions reached by Stelling and covered in his patent appear to be 
identical with the conclusions reached by the present authors 

Hydrated silica pigments, as well as aluminas and clays, contain on their 
surface a large number of reactive hydroxyl groups in the form of bound water 
The number of these reactive hydroxyl groups may be varied by heat treatment 
of the pigment*. The chlorosilanes provide a number of compounds which 
react with hydroxyl groups. Therefore, by varying both the bound water 
content of a pigment such as the finely divided hydrated silicas and the organic 
radical in the trichlorosilanes, the chemical properties of the surface may be 
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Fia,. 1 Reaction of silica with silanes to produce a reinforcing-type pigment 


varied within wide limits. The general course of the reaction has been drawn 
in the schematic diagrams of Figure 1. The remaining chlorine atoms may be 
removed by reaction with water, alcohols, glycols, or amines. 


EXPERIMENTAL 


The finely divided hydrated silica used was prepared by the controlled addi 
tion of salt and acid to water glass. The area, determined by low-temperature 
nitrogen adsorption, was 150 square meters per gram. The particle size from 
electron micrographs was 21 mu. The ratio of the surface area, calculated from 
the particle diameter to the nitrogen area, is considered to give a measure of the 
surface roughness or that part of the total surface which is unavailable for ad- 
sorption of polymer. For the silica used this amounted to 40 to 50 per cent of 
the total surface. The usable area was therefore about 75 to 90 square meters 
per gram, which compares favorably with the available areas of HAF and 
EPC carbon blacks. 
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Tape | 
ComMPOUNDING ReEciPE 


GR-8 1000 100.0 
Sulfur 2.0 
Santocure 1.5 
ZnO 3.0 
Pheny|-2-naphthylamine 0.5 
Silica (variable) 6 48 
Cured 90 to 120 minutes at 300° F 

Slabe 6 X 6 X 0.075 inch 


The silanes were commercial products, with the exception of two laboratory 
preparations, the allyl- and the cyclohexenylethyltrichlorosilanes*. The silanes 
are most easily applied when added to a slurry of the silica in such unreactive 
solvents as carbon tetrachloride and petroleum ether. However, they may also 
be applied in the vapor phase or incorporated in the polymer pigment disper- 
sions on a rubber mill or in a Banbury The unreacted chlorine atoms were 
removed with methanol Generally it was found advisable to wash the pig- 
ment in dilute alkali to destroy completely all adsorbed hydrochloric acid 
Pigment was then dried at 50° C until it reached a constant weight. It is often 
desirable to add triethanolamine or dipropylene glycol to the stocks, or prefer- 
ably to the pigment, in order to obtain good cures*. In this work when such 
additives were used, they were adsorbed onto the pigment from a slurry, so that 
in the cured stocks the pigme nt-glycol or -amine ratio was a constant as the 
volume loading of filler increased 

The compounding recipe employed is given in Table I. Because GR-S 
1000 does not undergo crystallization on deformation and GR-S has a very flat 
cure curve, it was chosen as the polymer in which the various fillers were dis- 
persed. In studies of the type undertaken, it is important that the basic com- 


pounding recipe not be altered, so that WY, may be considered constant. 


The details of the equilibrium modulus measurements have been described?. 
The increase in the work of retraction as filler is added is assumed, on the basis 
of the kinetic theory, to mean an increase in the number of crosslinked units in 
the three-dimensional poly mer-pigment matrix The constant @ represents the 
increase in the number of crosslinked units due only to the presence of the filler 
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TABLE II 


Errect oF SILANES ON Mopvu.us REINFORCEMENT OF 
Fine.ty Divivep Sruica in GR-S Srocks 


Additive 
Heat Silane Moke 
treat- (% 
ment on silica 
€) Trichlorosilane silica) « 106 
315 None 0.00 
120 Vinyl 0.62 0.11 
120 Vinyl 0.62 { 0.18 
500 Viny) 0.62 ; 0.30 
500 Vinyl : 1.24 3 0.27 
120 Vinyl f 3.10 0.00 
120 Vinyl f 3.10 f 0.23 
None Vinyl 10 6.20 0.33 
120 Ethyl 10 6.11 0.10 
120 Cyclohexeny] 10 1.28 0.20 
120 Cyclohexy! 10 160 0.00 
250 Allyl 15 8.55 0.36 


silane /g 


at a fixed level of cure. The constant ¢/W’‘, is to a first approximation ind: 
pendent of the degree of crosslinking in the rubber matrix itself, i.e., the degre 
of cure of the unloaded gum stock. The constant ¢ is obtained from the slop 
of the line in plots of the work of retraction [ Wp |}? as a function of the volume 
loading of filler, V», as illustrated in Figure 2 


DISCUSSION OF RESULTS 


The value of @ has been considered as indicative of the inherent modulus 
reinforcing ability of a finely divided solid incorporated in a cured rubbe: 
matrix. On this basis the increased modulus reinforcement obtained by the 
introduction of silanes onto a silica surface is shown very clearly in Table I] 
At low concentration of silanes the presence of triethanolamine and dipropylene 
glycol is necessary in order to promote the cure. Apparently the amines and 
glycols serve to reduce the adsorption of accelerator by the silica surface’ 
However, when the concentration of silane is about 10 per cent or greater the 
silica surface has been sufficiently shielded by hydrocarbon chains to reduce the 
accelerator adsorption to a point where good cures are obtained 

The change of @ as the number of vinyl groups introduced on the silica is 
increased as shown in Figure 3. The dependence between @ and the number of 


vinyl groups per gram of silane is identical with the dependence found with re 
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spect to @ and the number of reactive sites on carbon blacks. That silane- 
treated silicas follow Equation 2 lends support to both the chemical theory of 
reinforcement and the validity of Equation 2. The results obtained are not 
dependent on either the heat treatment of the silica previous to introduction of 
the silane or the presence of either triethanolamine or dipropylene glycol. This 
is illustrated by the data in Table III. 


Taare IIl 


Errecr oy Heat TREATMENT ON MopuLus 
REINFORCEMENT OF Siuica 1n GR-S Stocks 


Heat Dipropylene Triethanol 
treatment alyeol mine Dis 
©) (%) ) (cal 
3 0.00 
315 0.00 
315 0.00 
None 0.08 
500 f 0.10 


The effect of the activity of silica surface on reinforcement was further in- 
vestigated by variation of the organic radical in the silanes attached to the silica. 
The activity of five such silanes, added to silica and compounded with GR-S 
1000, has been compared by the equilibrium-modulus technique. The molar 
quantity of silane added is equivalent to 2 per cent of the vinyltrichlorosilane. 
The relative activity of the silanes is expressed by the figures in the last column 
of Table IV. The ratio ¢/W? takes into account the small variation in W?, 
which had a value of 0.15 + 0.03 cal. per ce. for the stocks used. As the data 


Tasie IV 


Errecr or Reactriviry oF SILtANe ON REINFORCING 
Anitiry or TREATED SILICAS 


Di 
propylene 


il one/ 
ilica 


= 


500 8(4*-cyclo 
hexenylethy] 

500 (yelohexy! 

SOO thy] 

500 Vinyl 

250 Pheny! 

500 None 


(10 


0.49 
0.34 
0.24 
0.24 
0.10 


to tO bh th te 
tn Gn ta Gr ix 


EPC Carbon black 0.35 5.5 
HAF Carbon black 0.60 16.0 


follow Equation 2, at least to a first approximation, and the molar quantity of 
silane is constant, then it is (¢/W*,)? which is a relative measure of the im- 
mobilization of polymer segments on the silica surface, assuming that the silanes 
exhibit the same behavior (Equation 2) with respect to @ and the number of 
potential sites for crosslinking reactions as do the carbon blacks. 

The effect of the silanes on the modulus-reinforcing properties of silica is 
evidently due to the fact that the silica surface has been provided with sites, 
whereby the polymer chains may be immobilized at or near the silica surface 
predominantly through sulfur bonds. The polymer-pigment dispersion is 
thereby crosslinked into a continuous three-dimensional matrix. The order 
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of reactivity observed in Table 1V can be explained if it is assumed that the 


carbon atom adjacent to a silicon atom behaves in a manner similar to a carbon 
atom adjacent to a double bond, and that the reaction with sulfur proceeds 
both through an a-methylene hydrogen atom, double bonds, and by ordinary 
chain transfer. On this basis the 6(A*-cyclohexenyl)ethyl compound has six 
a-methylene hydrogen atoms, the cyclohexyl compound has one very active 
hydrogen on a tertiary carbon adjacent to the silica, the ethyl has two a-methy!- 
ene hydrogens, and the viny] is reactive through the double bond and the phenyl 
as a weak chain-transfer agent. On this basis the values in the last column of 
Table LV are at least of reasonable relative magnitude 

The data presented here support the view that reinforcement does involve 
immobilization of polymer segments on the surface of the finely divided solids 
used as reinforcing agents. This immobilization is apparently the result of the 
crosslinking of the polymer chains to the solid surface predominantly through 
vulcanization-type reactions. Inactive surfaces such as silicas, clays, and 
aluminas may by various treatments be converted into active surfaces. This 
has been accomplished in the case of silicas studied in this paper by reaction of 
the silica surface with silanes having reactive hydrogen atoms. The degree of 
modulus reinforcement can be correlated with the activity of the organic silane 
radical attached to the silica. The modulus-reinforcing ability of silicas treated 
in this manner compares very favorably with that of the HAF and EPC carbon 
blacks, as shown by the last two entries in Table I\ 
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REACTION OF NATURAL RUBBER WITH 
HYDROFLUORIC ACID * 


D. H. E. Tom 


Rosser-Sricutine, Deirr, HoLtLannp 


INTRODUCTION 


Within the scope of the research on natural-rubber derivatives carried out in 
the Rubber-Stichting laboratories, attention was also paid to the reaction of 
rubber with hydrofluoric acid. 

Very little work in this field has been achieved by other investigators. 
The results of their work are mainly to be found in a number of patents! 
These deal with the preparation of products incompletely described that un- 
doubtedly must be considered as more or less completely cyclized rubbers. 
The fluorine content of these products is, generally speaking, very low and is 
often said to be lost on heating or storing. According to Nielsen’, it would be 
possible to obtain products with 30 per cent fluorine when using gaseous hydro- 
fluoric acid. This high percentage is tentatively explained by adopting the 
incorrect formula H,F, for hydrofluoric acid. Elsewhere it is stated either 
that HF cannot be added to rubber’ or that the addition product is not stable‘. 


METHOD 


The reaction of rubber with HF may take place by routes a or 5. 
(a) Addition of HF to the double bonds according to: 


CH, CH, 


CH,—C—CH,—CH; 


Pp 

In this reaction fluorine is added to a theoretical maximum of 21.6 per cent. 
The progress of this reaction may be observed by fluorine analyses. 

b) Cyelization of the rubber molecule under the influence of HF, similar 
to the cyclization under the influence of H,SO, and Friedel-Crafts catalysts 
This reaction gives rise to a loss of double bonds and to a considerable change 
of the physical properties. Cyclization can also occur as a consecutive reaction 
of (a) whereby HF is split off 

The tests have been carried out as follows 

To 5g. of rubber in 100 ce. of solvent in a bottle of polythene, a mixture of 
anhydrous HF and dioxane (ratio 1:1) was added. Dioxane served for im- 
proving the solubility of HF in the solvent In all experiments an excess of 
HF was used (10 g. of HF on 5 g. of rubber After shaking and keeping the 
mixutre at the reaction temperature desired it was poured into methanol 
causing the product to coagulate. After reprecipitation from CHCl, the prod- 
uct was dried in a vacuum. Its F content was determined by melting with 
potassium and precipitating the fluoride as PbCIF®. 

* Reprinted from the Journal of Polymer Science, Vol. 20, lasue No. 95, pages 381-386, May 1956 
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For an estimation of the amount of double bonds not lost by cyclization we 
used a method adopted by van Veersen*®. For this purpose the product was 
swollen in a mixture of toluene and dioxane and subsequently saturated with 
HCl. After a 24 hours’ reaction at room temperature the chlorine content was 
determined. All fluorine was now found to be replaced by chlorine. The 
chlorine content is therefore a measure of the number of unreacted double 
bonds togethe r with the number of double bonds to which HF had been added 
This method is only a rough one, because the addition of HC] to unmodified 
rubber is effective for not more than 90 per cent 


TABLE I 


INFLUENCE OF DURATION AND TEMPERATURE OF THE REACTION 


Reaction Reaction F content 
tems time of product 
/ ( j . “ ) 


26 ; 15.4 


INFLUENCE OF THE DURATION AND TEMPERATURE 
OF REACTION 


Table I shows the results of a number of tests in which both the duration and 
the temperature of the reaction are different. Xylene was used as solvent 
The percentages of the double bonds being saturated with HF or HCl have been 
calculated from the fluorine and chlorine content. The last figure thus gives an 
estimate of the percentage of double bonds not cyclized 

It may be seen from these results that addition and cyclization occur in a 
competitive way. During the reaction the fluorine content goes through a 


maximum. The cyclization continues to increase. This may undoubted! 
be explained by the fact that HF once added may be split off again (eventually 
It isa 


under simultaneous cyclization) whereas the cyclization is irreversible 
well-known fact that cyclization proceeds much faster at a high temperature 
That is the reason why the maximum of addition occurs at an earlier stage 
when using high temperatures. The higher the temperature the lower th 
absolute value of this maximum. At 40° C no addition, but only a fast cycliza 


tion occurs. 
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INFLUENCE OF THE SOLVENT 


It is obvious from what precedes that addition plays a more prominent part 
if the conditions are chosen 80 as to attain a slow rate of cyclization. This also 
appears from the influence of the solvent. Van Veersen® has already found 
that the rate of cyclization decreases in the series: benzene > toluene > xylene, 
a phenomenon that may be correlated with increasing donor properties, i.e., 
increasing interaction of these solvent molecules with the catalyst. 

Table Il shows a number of tests carried out in different solvents. The 
highest fluorine content is obtained in xylene. In carbon tetrachloride and 
chloroform no addition, but only cyclization, occurs 

It may, consequently, be concluded that it is possible, by the addition of 
HF to rubber at lower temperatures and in xylene as solvent, to obtain products 
of which 65 to 70 per cent of the double bonds are saturated. The HCI addition 
shows that most of the remaining double bonds have for the greater part disap- 


Tasie II 
INFLUENCE OF THE SOLVEN1 


Double Double 
bonds Cl content bonds 
content saturated after HCl saturated 
luct with HI addition with HCl 
(%) (%) (%) 
25.3 66 
18.8 44 
25.0 64 
22.9 57 
28.0 76 
28.0 76 
13.0 29 
25.0 64 


of pro 
ivent 


Benzene 


tt 


Toluene 


t\ 


Xylene 


t% 


Toluene 
xX y lene 


4 
2 
4 
2 
4 
2 
2 
2 


peared by cyclization. We have not been able to attain higher fluorine con- 
tents. On carrying out further tests, constant use has been made of this prod- 
uct with a maximum of fluorine content It is a rubbery material with a 
specific gravity of 1.04 ‘-Ray examinations showed a total absence of 


crystallinity 


EXAMINATION OF THE FLUORINE-CONTAINING PRODUCTS 
STABILITY OF THE C-F BONDS 


On drying the products of which the preparation was described above, the 
thermal stability proved to be fairly good. Heating in a vacuum at 100° C for 
14 hours did not influence its fluorine content. Only in those cases in which the 
products had not sufficiently been washed out and still contained traces of HF 
used for their preparation could a sudden decomposition with simultaneous 
formation of HF and cyclized rubber occur 

On heating the material in different solvents, in sealed glass tubes, the 
splitting-off of HF proved to be strongly dependent on the medium, as shown in 
Table Ill. 50 mg. of the product containing 16.4 per cent F was heated each 
time in 2 cc. of solvent and the residual fluorine content was determined after 
coagulation, washing and drying. 

It shows that the stability in an alkaline medium is a very good one. A 
comparison with hydrochlorinated rubber, which splits off’ in aniline at 100° C 
in one hour half of the HCI, is favorable for the fluorine-containing material. 
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Taste III 


THerRMAL Staprutry or HF-Rupper in Various SoLvents 


Splitt "4 


of HI 
Temp ime % of original 
(°C) 


Medium content 


Dioxane 100 18 6 
130 18 100 
Dioxane + 0.5% H,SO, 80 4 38 
100 2 66 
Aniline 100 17 2 
120 17 20 
Benzene 100 18 100 
Benzene + 10°% aniline 100 17 6 
Chloroform 100 18 100 


In dioxane the stability is good, too, but the addition of traces of H,SO, leads 
to a rapid splitting-off. The material is unstable in benzene and chloroform, 
but improvement is obtained by the addition of aniline 

It is obvious that the HF addition product may be assumed to have a rather 
good thermal stability, provided that strong acids and free HF in particular are 


absent 
VULCANIZATION AND MECHANICAL PROPERTIES 


Vulcanization of the HF addition product in a normal vulcanization recipe 
by means of sulfur and accelerators proved to be possible. The addition of 
MgO to the formulas prevented the splitting-off of HF at curing temperature 
(142°C). 

A compound of 100 parts of the HF addition product with 50 parts carbon 
black, cured with sulfur and Santocure for 30 minutes at 142° C, showed the 
mechanical properties given in Table IV (for comparison the properties of a 


comparable natural rubber compound are listed It is seen that the material 
has good mechanical properties, combined with swelling characteristics quit 
different from those of natural rubber. 

In addition, the material has been found to possess the following particular 


characteristics 
(1) Absolute resistance to ozone at concentrations in which natural rubber 
and Neoprene decayed 
(2) Low absorption of oxygen. It proved to be 0.056 cc./g./hr. at 106° ¢ 
and 1 atm. oxygen pressure. A comparable natural rubber compound absorbs 
0.18 ec./g./hi 
Tape IV 


MECHANICAL PRropertit 


‘ 
4 weeks 
im air 
yven at 


Mechanical proj 70° ¢ 


Tensile strength (kg./cm.*) 205 
Klongation (7) 2384 
Modulus at 300% elongation (Kg. em 
Hardness (Shore A) : 90 
Permanent set after 200%, elongation for 24 hrs. (‘ 

‘Tear resistance (kg./cm.*) 

Swelling in hexane at 20° C (%) 

Swelling in acetone at 20° C (%) 


2) 
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(3) Low permeability to gases. For nitrogen this was found to be 3 per 
cent of that of natural rubber. Consequently, it is even lower than that of 
Butyl rubber 

The material has, however, a tendency to become brittle at low tempera- 
tures. The brittle point proved to be at 5° C. The resilience showed a 


minimum at 10°¢ 
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SYNOPSIS 


The reaction of natural rubber with hydrofluoric acid is described. It 
shows that both addition and cyclization occur in a competitive way. By 
carrying out the reaction at a low temperature, however, and using xylene as a 
solve nt, cyclization could be forced bar k to a considerable extent Products 
were obtained of which 65 to 70 per cent of the double bonds were saturated with 
hydrofluoric acid. This addition product has a surprisingly good thermal 
stability and can be cured to a rubber with good mechanical characteristics 
limited swelling power in aliphatic hydrocarbons, absolute resistance to ozone, 
and small permeability to gases. Its brittle point is rather high. 
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THE SORPTION OF WATER BY RUBBER * 
D. A. TEesTer 
Barrisun InevuLatTep ( ALLENDER's ( ABLES Lip 


38 Woop Lane. Lonp 


INTRODUCTION 


The absorption of water by rubber is a relatively slow process, which may 


give rise to two different kinds of absorption-time curves: (a) those which 
proceed to an equilibrium value, or (b) those which appear to show an absorp 
tion that increases indefinitely with time. 

Numerous attempts have been made, some empirical, others having a the 
oretical basis, to set up a rate equation relating the quantity of water absorbed 
to the time taken for the absorption to occur. Absorption isotherms of th 
nonequilibrium type were found by Boggs and Blake! to be best represented by 
the expression: 

z= kt" 


since the logarithm of absorption usually gives an approximately straight-line 
relationship with time in these cases. 
Andrews and Johnson’ derived an expression for the rate of absorption from 
Fick’s law of diffusion 
d6/dt D(d&6/dl 


where 6 is the concentration of water at a plane at depth / at right angles to the 
direction of diffusion, at time t, and D is the diffusion constant 

This expression was integrated to obtain an equation for the concentration 
of water at a plane after a known time, in terms of the thickness of the slab of 
rubber. However, this theoretical equation was not generally found to be 
satisfactory and Daynes’® showed quite clearly that the gas diffusion equation 
quoted above is quite inapplicable to the case of water absorption by rubbe 
The absorption seems to be largely due to the formation of a solution of the 
water-soluble constituents present as a small percentage of natural rubber 
Consequently, the diffusion rate will be proportional not to the water concen 
tration in the rubber but to the osmotic pressure gradient between the wate: 
or aqueous solution outside, and the solution formed within the rubber 
Daynes therefore proposed in the place of the normal diffusion equation 


d6/dt Dy (Ph/dl 


where the equivalent humidity h is defined as the humidity that would be in 
equilibrium with the internal solution 
This modified equation may be written as 


dh/dt D, (dh/ dO) (Ph/dl 


Daynes pointed out that d@/dh is not constant-—as a plot of equilibrium 
sorption-ambient humidity shows—-and therefore the solutions to the 


* Reprinted from the Journal of Polymer Science, Vol. 19, I No. 03, pages 525-546, Mar 
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diffusion equation cannot be used to determine h or 6 as functions of t, or to 
obtain the total quantity of water absorbed at a time t, by integration of @ with 
respect to | 

No expression has been derived in the literature which is of general applica- 
tion for expressing the course of absorption. Nonequilibrium absorptions are 
represented fairly well by the power law z kt", but such equations are purely 
empirical and cannot represent an equilibrium type of isotherm. Daynes 
presented the most exact approach but the differential equation he derived has 
not yielded a solution 

In this paper, an equation relating water absorption by rubber to time of 
immersion is derived from a consideration of the osmotic mechanism of the ab- 
sorption. The equilibrium-type isotherm will be shown to be represented satis- 
factorily by such an equation, while the characteristics of the nonequilibrium 
ype will be shown to be due in vulcanized rubbers to oxidative aging of the 
rubber during immersion 


THEORETICAL 


The experimental studies of Daynes*, Lowry and Kohman‘, and others leave 
no doubt that the absorption of water by rubber consists largely of the forma- 
tion of a saturated solution of water solubles, followed by the dilution of this 
solution by osmotic diffusion. In the case of unvulcanized rubber this process 
would be expected to continue until the vapor pressure of this solution is equal 
to that in the ambient atmosphere. Thus, absorption by unvulcanized rubber 
from pure water should proceed indefinitely, producing a nonequilibrium type 
of curve. In the case of vulcanized rubber, however, the osmotic pressure of 
the internal solution is opposed by a three-dimensional tension in the rubber, 
which must swell to accommodate the water, so that an equilibrium-type ab- 
sorption curve should be obtained. Experiments carried out in the present 
work have shown that the volume increase is almost exactly equivalent to the 
volume of water absorbed. It is therefore reasonable to assume that the ten- 
sion, Which is proportional to the volume increase producing it, is thus propor- 
tional to the weight of water absorbed. For small extensions, up to about 25 
per cent, tension in stretched rubber is directly proportional to extension. Thus 
we may writs 


dz/dt K(r kz (1) 


where a osmotic pressure at time ¢ after immersion, z weight per cent 
uptake of water at time ¢, and K and k are constants 

The value of K is a function of the initial thickness of the test sample and its 
water permeability, while k is proportional to the modulus of elasticity for small 
extensions 


It follows from thermodynamic principles that 


RT/V) In (po/p (2) 


where po and p are, respectively, the ambient vapor pressure and the vapor 
pressure of the internal solution, at temperature 7° Abs. while V is the partial 
molar i! of the solvent (in this case water) at temperature 7" 

The vapor pressure p refers to a homogeneous solution of the water solubles 
in the water absorbed although there is, in fact, a concentration gradient within 
the rubber. However, the internal solution becomes increasingly homogeneous 


as equilibrium is approached 
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The proportion of water-solubles in rubber is small (about 0.2 per cent by 
weight was found in the vulcanized crepe used in this work) and, furthermore, 
the molecular weights of these soluble materials (starch, glue, sugars, glycerol, 
etc.) are high compared with that of water. The internal solution of wate: 
solubles, expressed as a mole fraction, is therefore very dilute, except in the 
initial stages of absorption. Thus, with the usual assumptions for dilute solu- 
tions, we may write, for a constant temperature 


w = k’(ne/n;) 3) 


where nz moles of solutes are associated with n; moles of water in the internal 
solution. While nz is a constant for a given rubber, depending on the natur 
and proportion of water-soluble materials contained in it, n; is directly propor 
tional to z, the weight per cent uptake of water by the rubber. Thus we may 
write: 

w = k’(K'/z) 


and by substitution in (1): 


dz/dt = K(k’K'/z) kz 
Therefore: 

dt/dx = 2/K(k' K’ kx 
and: 


t 1/2Kk) In (K’k’ — kx 


Whent = 0,2 = 0: 
(In K’k’)/2kK 
Therefore: 
kz 


peed F (1 } 
"ORK Kk’ ) 


zg? = (K'k'/k) (1 


and: 


That is if we let K’k’/k K, and 2Kk K 
x Kyl € 


The equilibrium absorption value as weight per cent uptake (z at ft Z 
K,*. This equilibrium value is of course independent of the thickness of the 
test sample and the permeability of the rubber, and in accordance with this, K, 


does not contain K, the value of which depends on these factors 


DEPENDENCE OF ABSORPTION EQUILIBRIUM ON RELATIVE HUMIDITY 


A quantitative relationship between the saturation absorption of water b 


rubber at a given temperature and the ambient vapor pressure can be derived 


from the rate equation postulated above, i. 
dz/dt K(x kz 
The absorption isotherm approaches equilibrium asymptotically 


when equilibrium is attained dzx/dt 0) Therefore 


Also: 
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On the assumption that the internal solution at equilibrium is dilute (true 
unless absorption is extremely small): 
p = Px 


where P is the vapor pressure of pure water at temperature 7’, and c is the molar 


W 


concentration of water in the 
Thus, by substitution in 5 


internal solution 


where n,; moles of water are associated with nz moles of solutes in the internal 


is constant for a@ given 


solution 
and 7 


Thus since ny proportional to z 


is direct] 


rubber 


T he relore 


exp jh Vx RT} 
I 


‘ xponential term eq lation (6) becomes 


keV 1 (keV 
AL "RT * | rr) 7 


If pressures are calculated in g./sq. em., RT is of the order of 10’, for tem- 
peratures of 0-100° C, while V for a dilute aqueous solution is approximately 
opposing swelling 


kr represents the g./sq. em 


tension in g 
Measurements of stresses in vul- 


Ls The function 
volume in- 


when z per cent of wat 

canized pale crepe for small linear responding to the 
found in water absorption indicate that k for this rubber has a value of 
Thus kV/RT must always be of the 


temperature 
neglected in the « xpansion abov 


r has bee n absorbe d 


extensions cor 


ages 
20) « epending on the 
rder of 10°° and may be 


becomes 


| quation (06) now 


EXPERIMENTAL 


i experiments were vulcanized rubber of 
Inposition (in parts bh 


Rubber p 


Suilur 


Zine oxide 
Stearic acid 


Mere iptlobenzothiazol 
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The compound was vulcanized at 140° C for 20 minutes in the form of sheets 
0.015 inch thick. Test-samples, 3 inches square, were immersed in water at 
25° and at 70° C, temperatures being thermostatically controlled to within 
+0.5° C. The samples were weighed initially, and after suitable periods o 
immersion, surface moisture being rapidly removed with filter papers. Absorp 
tion experiments were carried out, in the presence of air, under an atmosphere 
of oxygen, and under an atmosphere of nitrogen In the last case, the test 
samples were immersed in water that was boiled under reduced pressure to r 
move dissolved air and, as far as possible, any air occluded in the rubber. The 
containing vessels were then flushed through for 15-20 minutes with nitrogen 
containing less than 10 parts per million of oxygen, and sealed, 


WATER ABSORPTION BY PREAGED RUBBER 


In addition to the experiments with freshly vuleanized rubber, water ab 
sorption measurements were made on aged samples. Sheets of rubber were 
aged at 70° C in an oxygen bomb for four days under a gas pressure of 400 psi 
Water absorption values, for immersion under a normal atmosphere at 25 and 


70° C were obtained for test samples cut from these aged sheets 


EFFECT OF VAPOR PRESSURE 


Aqueous solutions of sodium chloride of known concentrations, and there 
fore of known vapor pressure, were prepared. Iquilibrium absorption values 
were obtained for rubber samples immersed in these solutions at 25° C. The 
solutions were ke pt in stoppered bottles containing very little free space, 80 
that changes in concentration due to vaporization were negligible. The con 
centrations used, with their corresponding vapor pressures at 25° C, are shown 
below 


Conen. of aq. soln Vapor pres 
as wt. % NaCl 25” ¢ 


—rmmenyn 


~j 


RESULTS AND DISCUSSION 


Results have been expressed graphicall ibsorption being expre 1 as 


weight of water taken up as a percentage of the dry weight of rubber Water 


absorption measurements versus time for a freshly cured rubber immersed in 


f 


distilled water at 25 and 70° C, are shown in Figures 1 and 2, respectivel 


Corresponding results for an aged rubber are shown in Figures 3 and 4. Equi 
librium water uptake at 25° C, versus vapor pressure of ambient salt solutions 
is plotted in Figure 5 In the case of salt ons equilibrium was reached 
quickly and it was not found necessary to exclude ai 

From Figure 1 it will be seen that water is absorbed less quickly under an 


atmosphere of nitrogen than under air, and most quickly under an atmosphere 


of oxygen Also, the isotherm obtained for absorption under nitrogen would 
appear to be proceeding to an equilibrium value, while that representing wate 
absorption under air has the form of the “nonequilibrium” type of isotherm 
Under oxygen, the rate of absorption actually seems to increase after prolonged 


linmersion 
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40 ~ 60 
TIME OF IMMERSION IN DAYS 
Water absorpti 


by vuleanized crepe at 25° © 


From Figure 2, it is evident that an elevation of temperature to 70° C pro- 
duces a considerable increase in the rate of water absorption under air, and 


produces a very marked upward inflection in the absorption-time curve. Under 


nitrogen, the increase in absorption rate is not nearly so marked, especially in 
the earlier stages 

In Figures 3 and 4, the absorption isotherms for an aged crepe immersed 
under air at 25 and 70° C, respectively, are compared with the corresponding 
isotherms for unaged crepe. Aging prior to immersion evidently increased the 
rate of absorption very considerably, especially at 70° C. Here the character- 
istic shape of the absorption-time curve is completely changed. After fifty 
days the aged samples immersed at 70° C had taken up 500 per cent of water 
and were of a sponge like consistency 
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ABSORPTION 


WEIGHT .“ 





TIME OF IMMERSION 


Water absorption by ag 


It may be concluded from these results that in the absence of oxygen the 
water absorption-time isotherm for vuleanized natural rubber tends to an equi 
librium value and that the rate of absorption does not increase rapidly with in 
creasing temperature. The gradual divergence of the curve at 70° C from the 
equilibrium type is undoubtedly due to traces of oxygen remaining in the rub 
ber, even after subjection to reduced pressure. For absorption under air at 
25° C the water uptake curve diverges only gradually from the equilibrium 
type, but at 70° C the divergence is very great. The obvious explanation of 
these phenomena is that, in the presence of air, dissolved oxygen is carried into 
the rubber by the absorbed water and causes oxidative aging. This brings 
about a continual relaxation of the stress opposing absorption and prevents the 
attainment of equilibrium. At 70° C the oxidation and consequently the 
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2 
ABSORPTIOr 


ter ab ' or ¢ re for vuleanized crepe at 25° ¢ 


absorption take place more quickly. Also, since the oxidation is autocatalytic® 


its effects become increasingly significant and produce an upward inflection of 


the absorption curve, at 70° C under air, and eve n at 25° C 


under oxygen 


The se observations are borne out by the water absorption characteristics of 
rubber previously aged in oxygen. The very 


marked upward inflection of the 


indicates an acceleration of further aging 
by the oxidation products already present 


absorption time curve, even at 25° C 


Absorption-time curves for systems in which oxidative « hanges are 


occurring 
in the rubber cannot be re presented exactly by any 


simple theoretical equation, 


but the absorption-time equation derived here should be applicable to absorp- 


tion in the absence of ai 
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Its applicability to an experimental curve may be tested and the constants 
evaluated, as follows: If: 


then: 
2x (dz/dt) K, Kee** 
Therefore: 


log z(dx/dt) + log 2 log KiK 


Thus a plot of log z(dz/dt) against ¢ should yield a 

Values of z and dz/dt obtained from the experime: isotherm of absorption 
under nitrogen (Figure 1) were used to obtain a pli g x(dx/dt) against ¢ 
(Figure 6). A straight-line relationship is in fact obtained. The slope and 
intercept of this line give values of 52 and 0.023 for K, and Kz, respectively 
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TIME OF IMMERSION 


> 


Fig. 7 Absorption isotherm from the theoretical equation z Al @7 0,0) 


The theoretical absorption isotherm at 25° C is thus re presents d by 


That is 


The equilibrium absorption value in weight per cent 
K,}, i.e., 7.2 in this case. This value is independent of thi 
ness of the test sampl 

The theoretical absorption isotherm is shown in Fig 7, together with the 
experimental values, which will be seen to be in very good agreement with it 


DEPENDENCE OF ABSORPTION EQUILIBRIUS ys VAPOR PRESSBUKI 


The absorption equilibrium value derived above is for absorption from pure 
water, but, as shown in Figure 5, the equilibrium value is very sensitive to the 
presence of dissolved salts, because of its depends on the relative humidity 
The equation derived herein correlating water absorption with the ambient 
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r/pe va. x for vulcanized crepe 
vapor pressure at a constant temperature, may be tested as follows: If: 
po = 2/(A + Bz) 


the nh 
x/p A + Br 


80 that a plot of z/po against z should give a straight line. Furthermore its 
gradient B should equal 1//’, where P is the saturation pressure of water vapor 


at the temperature of test 
A plot of z/po against z for the results obtained in the present work is shown 
in Figure 8. It will be seen that a straight-line relationship does hold. The 





O EXPERRVENTAL VALUES 








x 


i pressure ve. equilibrium water absorption for vulcanized crepe, 
plotted from the theoretical equation 
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constants A and B, obtained from this plot are 0.006 and 0.041, respectively. 
The function 1/P at 25° C equals 0.042. A plot of the relationship 


po = 2/(0.006 + 0.0412 


is shown in Figure 9, together with the values of z against p There is good 
agreement between the observed values and the theoretical relationship 


CONCLUSIONS 


In the absence of air the absorption of water by a vulcanized crepe rubber 
tends to an equilibrium value in accordance with an osmotic mechanism of 
absorption 

An equation for absorption as a function of time, derived by consideration 
of such a mechanism, represents the experimental data adequately 

A relationship may be derived from the basic rate equation, correlating 
equilibrium absorption with ambient vapor pressure. This equation also gives 
good agreement with the experimental data 

The divergence from the theoretical relationship found for absorption in the 
presence of air may be attributed to oxidative aging of the rubber. This 
effect is most marked at elevated temperatures, where the results of absorption 
under nitrogen are very much lower than those for absorption in the presence 


of ait 
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SYNOPSIS 
An equation is derived from the consideration of an osmotic mechanism of 
absorption to represent the absorption-time relationship for a vulcanized rub 


ber immersed in water. The dependence of absorption equilibrium on th 
relative humidity is also expressed quantitatively. These theoretical relation 


ships are tested for a vulcanized crepe immersed in water and in salt solutions 


of various concentrations. Good agreement between experiment and theory 
is obtained for absorption in the absence of air. Divergence from an equilib 
rium type absorption-time curve in the case in which air is present is shown to 
be due to aging of the rubber, brought about by oxygen dissolved in the ab 
sorbed water. Accelerated aging is shown to be responsible for the marked 
increase of the rate of absorption brought about by an elevation of temperature, 
the effect being slight in the absence of air 
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INTRODUCTION 


The cracking of rubber vulcanizates when exposed to the atmosphere in a 
state of stress is a well-known phenomenon which has been studied extensively 
A comprehensive review of the literature on this subject has been published by 
Newton’. Following the lines of earlier work Newton showed conclusively 
that the cracking is produced by traces of ozone present in the atmosphere 
The simultaneous presence of both stress and ozone is required for cracking to 
occur and the cracks that form are oriented with their lengths perpendicular to 
the direction of the stress. It has been reported’, however, that similar cracking 
is produced when stretched rubber is exposed to free radicals produced by the 
thermal breakdown of organic peroxides 

Unstretched vuleanizates do not crack when « X post d to ozone, nor do they 
crack when stretched after exposure to ozone Apart from the frosting effect 
described by Tuley’, which is stated to require the presence of moisture and 
which may require the presence of small stresses, there seems to be no record in 
the literature of a visible effect being produced by the action of ozone on un- 
stretched vulcanizates The effect of ozone on unstretched vulcanizates has 
been investigated more comple tely and the results are re ported in the present 
paper 

Little is known of the mechanism of the reactions that lead to cracking of 
vulcanizates and this paper describes experiments designed to throw some light 
on this. The products of the reaction between ozone and solid rubber have been 
investigated by means of infrared spectroscopy. Allison and Stanley* have 
previously described the infrared spectra of products formed from solutions of 
Hevea and various synthetic rubbers and Salomon and van der Schee® have 
recently reported changes which occur in the infrared spectrum of a film of 
Hevea rubber when exposed to ozonized air 


EXPERIMENTAL 
INFRARED MEASUREMENTS 


The infrared spectra were measured with a single-beam Grubb-Parsons 


Spectrometer with rock-salt optics. The air in the spectrometer was dried by 
circulation through two towers containing activated alumina 


Vulcanizates were measured as films approximately 20 microns thick, ob 


tained by sectioning with a microtome equipped with a freezing stag Un 
vulcanized rubbers were examined as films on rock-salt plates. Liquid ozonides 
were measured in a similar way, while solid ozonides were measured as mulls in 


Nujol 
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PRODUCTION AND ESTIMATION OF OZONE 


Ozone was produced from air or oxygen by Brodie-type ozonizers ; the voltage 
was applied from a transformer with a continuously variable output. Except 
where stated in the text, the gases from the ozonizers were passed through 
caustic soda solution to remove oxides of nitrogen and were then dried by pass 
ing over alumina or phosphorus pentoxide 

The ozone concentration was measured by passing the gas through two 
wash bottles containing potassium iodide solution buffered to pH 6.8 The 
solution was then acidified and the iodine estimated by titration against 0.1 N 
sodium thiosulfate solution which had been standardized against potassium 
iodate. The total volume of gas passed through the potassium iodide was 
measured by a calibrated flow meter. 


PREPARATION OF OZONIDES 


(a) a-Cycloherene ozonide.—Commercial cyclohexene was purified by frac 
tionation followed by refluxing with maleic anhydride. The maleic anhydride 
was removed by filtration and the cyclohexene washed successively with water, 
dilute caustic soda, and water. It was then cooled in a methylated spirit-solid 
CO, mixture, filtered, and dried with quicklime. It was finally passed down a 
column of activated alumina The ozonization was carried out at 20° C 
with oxygen containing approximately 4 per cent by volume of ozone. The 
method described by Harries* was followed and the final product had a melting 
point of 72° C 

(b) 1-Methylcycloherene ozonide 1-Methyleyelohexene was prepared from 
cyclohexanone by a standard method’. The purity of the product was checked 
by comparing its spectrum with the A. P. I. Spectrum No. 897. 

The ozonization was carried out in hexane solution at —20° C using oxygen 
containing approximately $ per cent by volume of ozone. The hexane was 
distilled off under vacuum and final traces were removed by pumping at 30° C 
ina high vacuum. The product was a syrupy liquid 

(c) Oleic acid ozonide Oleic acid was purified by repeated recrystallization 
from acetone following the procedure given by Brown and Shinowara®, The 
ozonide was prepared by the method described by Rieche’, the final product 
being ii colorl SS syrupy oil 

d) Hevea and qulta pere ha ozonides These ozonides were prepared by the 
method de scribed by Harries 
fied as given below and acetone extracted pale crepe rubber were used, while the 


Rubber prepared from latex rigorously puri 


gutta-pere ha was freed from resins by acetone extraction The final produ ts 
were very viscous liquids 

e) Ozonide from butadiene-acrylonitrile copolymer The copolymer used 
was the synthetic rubber Hycar OR-15 and the ozonide was prepared by a 
similar method, using acetone-extracted material 


PURIFICATION OF HEVEA RUBBER 


Concentrated centrifuged latex was used as a starting material and all oper 
ations were carried out in the dark and under oxygen-free nitrogen. Protein 
was displaced from the latex parti les by sodium oleate followed by repeated 
creaming in the presence of sodium alginate. The nitrogen content was re 
duced by this means to 0.02—0.03 per cent 


The resulting latex was dissolved by solubilization in n-hexane containing 
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ammonium oleate and free oleic acid. Part of the rubber was then precipitated 
by the addition of acetone and the flo« culent precipi 


pitate so obtained was then 
extracted with hot acetone to remove oleate 


ve oleate soaps and other nonhydrocarbon 


impurities. The rubber was finally d in nitrogen at reduced pressure 


PREPARATION OF VULCANIZATES 


The vulcanizate used in the infrared work and the work on the effect of 
ozone on unstretched vulcanizates had the following composition: pale crepe 
100, colloidal zine oxide 0.5, stearic acid 0.5, zine dibutyldithiocarbamate 0.5, 
sulfur 2. The mix was cured to give optimum tensile strength and for the work 
on unstretched vulcanizates thin transparent sheets were molded 
The base mix used in the tests of the effect of antioxidants on ozone crac king 
was pale crepe 100, zine oxide 5.0, stearic acid 1.0, cyclohexylbenzothiazy! 
sulfenamide (CBS) 0.5, sulfur 2.5 V uleanizates containing one part ol the 


following antioxidants were investigated: 


BLE (acetone-diphenylamine reaction product 

Thermoflex (di-p methoxydiphenylamine 

Flectol H (acetone-aniline reaction product 

Setanox (acetone phenyl-2 naphthylamine reaction product 
Santoflex B (acetone-p-aminodipheny! reaction product 
Agerite Resin D (polymerized trimethyl 

Age rite White (N.N’-di-2-naphth 


yl-p-phenylenediamine 


lihydroquinoline 


Pheny]l-2-naphthylamine 
Antioxidant 4010 phe nyleyclohexy] Pp pl enyvlenediamine 
A second series of vuleanizates containing carbon black and one part of the same 
antioxidants was also investigated 
smoked sheet 100, HAI 
CBS 0.5, sulfur 2.5 
The tests on thes 

Best and Moakes" 


ing the samples V 


the composition ol the base mix being 


black 0.50, pine tar 5.0, zine oxide 5.0, stearic acid 2.5 


a, 


vulcanizates were carried out in the way d bed by 


Gescril 


a Crabtree-Kemp type of exposure chamber and grad- 


HYCAR MONOLAYERS 


The experiments on Hycar monolayers were carried out on a trough similar 


to that described by Alexander”. Since the amount of material on the trough 
was very small, many hundreds of films would have had to be 
tain sufficient product for an infrared measurement 


therefore, in which the unimolecular film could be 


ozonized to ob- 

A method was perfected 
spread continuously, thus 
enabling the reaction product to be collected continuously A sketch of the 
apparatus used for this purpose is shown in Figure 1. The Hycar film was 
g drops of 0.02 per cent solution by weight in 


acetone-25 chloroform mixture to fall on the water in the 


spread by allowin 0 benzene 


trough The mono- 


layer was blown down the trough by means of a wide jet of ozo 


nized air which 
product of reaction 


in electric motor and was 


had not been passed through caustic 80da solution The 
was pi ked up on a stainless-steel roller driven by 
removed from the roller by a sharp knife edge 

When sufficient product had been collected it was removed and dried by 
pumping in a high vacuum A little chloroform was added to the dried prod 


luct 
and the resulting gluey mass was spread on a rock-salt plate and the chloroform 


} 


; 


removed in a high vacuum, 
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RESULTS 
EFFECT OF OZONE ON UNSTRAINED VULCANIZATES 


When thin films of the pure gum vulcanizate were heated to 70° C for 20 
minutes and then exposed to ozonized air (0.01 per cent by volume of ozone) 
which had been preheated to 70° C they rapidly clouded over and became trans- 
lucent. Microscopic examination showed the presence of a white film on the 
surface, which gradually broke up to form filaments of white material when 
exposed to further ozone The white filaments could not be removed and 
seemed to be firmly anchored to the underlying rubber No change was 
observed when a film was exposed to unozonized air 

This experiment was repeated over a wide range of temperatures and the 
time required for the surface to cloud was recorded at each temperature. The 
results are shown in Table I. The significance of these results is not clear but 
the figures indicate a very definite change between 40 and 35° C. The reasons 


for the appearance of cloudiness are complex and probably involve physical a 


well as chemical processes. However, the figures show why many workers hav 
been unable to observe any change in unstretched vulcanizates at room tem 


TABLE | 
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perature since the time required is so long and when films were exposed at room 
temperature for periods ranging up to 60 hours the clouding of the surface was 
easily observed In this case it might be argued that clouding was brought 
about by the presence of residual surface stresses in the films, but as it seems very 
unlikely that such stresses were present in the experiments at elevated temper- 
atures the explanation loses its validity. The experiments are thought to show, 
therefore, that ozone reacts with unstrained vulcanizates to cause a change in 
physical appearance. 

The surface change observed in the above experiments is reminiscent of the 
frosting phenomenon described by Tuley’, which is stated to require the 
presence of moisture as well as ozone. With this in mind the experiments were 
repeated using carefully dried rubber and ozone; clouding of the surface was 
still observed 

Experiments have been carried out at room and elevated temperatures 
using ozonized oxygen instead of ozonized air No clouding was observed with 
ozonized oxygen, although one or two unoriented cracks appeared after pro- 
longed exposure It will be shown later that the reaction between air ozonized 
by an electrical discharge and natural rubber involves gases other than ozone, 
gases which may be removed by bubbling the ozonized air through caustic soda 
solution, and are therefore thought to be oxides of nitrogen. Clouding of the 
surface still occurred with ozonized air treated in this way and the results of the 
experiments described above were not altered, suggesting that, under the condi- 
tions of the experiment, the oxides of nitrogen are regenerated from the nitrogen 
after the removal of those originally formed in the electrical discharge 


EFFECT OF OZONE ON UNVULCANIZED RUBBER 


The attack of ozonized air or oxygen on unstretched unvulcanized natural 
rubber was demonstrated with films of purified rubber and pale crepe approxi- 
mately 200 A. thick. These films were cast from solution onto mercury. When 
they were exposed to oxygen or air containing approximately 0.01 per cent 
ozone they lost their rubberlike properties rapidly. The films lost their co- 
hesion and could be broken up into separate islands by using a probe. Fre- 


quently the films broke up, seemingly spontaneously, there being a sudden ex- 


pansion in area with the formation of a multitude of small islands of film 

Owing to the high reactivity of ozone toward rubber, the reaction would be 
expected to t ike place initially near the surface and extend into the bulk of the 
rubber only gradually, when the outer layers have reacted completely. This 
diffusion control was demonstrated with thin films cast on mercury Films 
approximately 200 A. thick lost their rubberlike properties in a few seconds when 
exposed to 0.01 per cent ozone. This time increased with increasing thickness 
and films one micron thick retained their rubberlike properties for hours 


INFRARED SPECTRA 


When a film of the pure gum vulcanizate approximately 40 microns thick 
was exposed to oxygen containing 0.01 per cent ozone, the reaction was found to 
be very slow After 60 hours’ exposure the infrared spectrum of the film had 
changed only slight! The presence of carbonyl groups was indicated, how- 
ever, by a weak band at 1720 cm while a control film exposed to unozonized 
oxygen for the same period showed no change in spectrum 

However, using oxygen containing 0.4 per cent ozone a film of the vulcanizate 
showed a marked change in spectrum after 3 hours’ exposure. There was a 
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broad band near 3000 cm. due to hydrogen-bonded OH groups, a band near 
1720 em. due to ecarbony! groups, a band near 1170 cm.™, and absorption in 
the region of 1020 em. had increased 

All these features appear in the spectrum of a natural rubber vulcanizate 
aged thermally or in light in oxygen free from ozone The spectrum of the 
film was in fact indistinguishable from that of a vulcanizate in the early stages 
of such an oxidation 

The experiment was repeated using the same vulcanizate and a film of 


i 
similar vulcanizate containing | per cent phenyl-2-naphthylamine. After 3 
| 


hours’ ¢ xposure the film containing no antioxidant showed the changes detailec 
above while the spectrum of the film containing antioxidant had undergone 
only a slight change, there being a weak band due to carbonyl! groups at 1720 
em, The thermal oxidation of natural-rubber vuleanizates in ozone-fres 
oxygen 1s similarly inhibited by phenyl-2-naphthylamins 

The spectrum of rubber ozonide prepared in solution is shown in Figure 2 
This product shows bands at 3300 em. due to OH groups, 1720 em.~' due to 
carbonyl groups and 1170 em." Although the rubber ozonide showed thre« 
bands which appear in the spectrum of oxidized rubber, the two materials can 
be readily distinguished. Oxidized rubber shows a broad unresolved absorption 


between about 1150 and 1000 em.', whereas the ozonide shows several 


Pasie II 


| Methvk vclohexene ozonide 110] ina 1070 em 
a-Cyclohexene ozonide 1110 

Oleic acid ozonide 1Ov1 

Hycar OR-15 ozonide 1110 

Hevea ozonide 1110 and 1084 
CGutta-percha ozonide 1110 and 1084 


resolved bands in this region. In particular, rubber ozonide shows two strong 
bands at 1110 and 1084 ¢m.', which can be used to identify its presence in the 
reaction products. The origin of these two bands i it ele but since several 
ozonides that have been prepared show strong bands | s region it 
seem that at least one of the bands is caused by a common structural fe 
the products The fre quencies of these bands are listed in Table II 
Although the strong bands of Hevea ozonide at 1110 and 1084 en 
be used to detect its formation, inspection of the spectrum of Hevea 
Figure 2 shows that these bands would be masked b strong absorption 
rubber in the early stages of reaction This is the 
not detected in the vuleanizates described above 
Figure 2 shows the spectrum of a film of purifi leanized rubber 
exposure to oxygen containing 0.4 per cent ozone for 56 hour It is 
that an advanced state of reaction had been reached nee the band at $40 cm 
due to the —-C(CH CH— groups has weakened considerably. The spec 
trum of the product is very similar to that of the ozonide found in solution and in 


particular showed the strong bands at 1110 and 1084 em. The spectra of the 


two products are not identical, however. In the spectrum of the product 
solution the 1170 em." is a shoulder on the le of the much stronger b 
1110 em.~', whereas in the spectrum of the produ om solid rubber the 
em.~' was stronger than that at 1110 em rhe nature of the chemical gr 


ing responsible for the 1170 em band is uncer n, but it is worth noting tl 


a band at this frequency appears during the oxidations of natural rubber 


1 polythen 


GR-S", polybutadiene”, acrylonitrile-butadiene copolymers, and 
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The difference between these two spectra is not very convincing, however, 
particularly in relation to the reactions leading to cracking of vulcanizates. 
The speed of cracking is so great that the reactions involved must take place 
in a very thin layer at the surface. With the film of unvulcanized rubber, how- 
ever, a bulk reaction was studied and the product formed initially near the sur- 
face was subjected to prolonged action by further ozone as it diffused into the 
bulk of the rubber. Experiments were therefore carried out with much thinner 
films of rubber. This enabled the period of exposure to ozone to be reduced 
considerably so that the initial product of reaction was left in contact with ozone 
for a much shorter period. 


Cm 


OO HOO 00 4OO 1300 
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Films of purified rubber approximately 200 A. thick were cast from chloro- 
form solution on to the bottom of a large pore elain dish and were then exposed 


to oxygen containing 0.1 per cent ozone for 30 seconds. The product was re- 


move d from the dish by dissolving ink ¢ hloroform and the ( hloroform Was CV4EPO- 
rated under a water pump vacuum, leaving a sticky residue. This was smeared 
on a rock-salt plate and the final traces of chloroform were removed by pumping 
in a high vacuum. The spectrum of the product was similar to that of the 
thicker film with the exception that the 1170 cm.~' was weaker, though it was 
still much stronger than the 1170 em.“ band of the ozonide prepared in solution 
This result on thin films suggests that part of the intensity of the 1170 em 
band might arise from the further action of ozone on an initial product A film 
of the ozonide prepared in solution was therefore exposed to further ozone 
Although the band at 1170 cm.~ increased in intensity, it was still weaker than 
the band of the product obtained from solid rubber at room temperature 
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EXPERIMENTS WITH OZONIZED AIR 


Vulcanized and unvulcanized films have also been studied spectroscopically 
after exposure to air ozonized by an electrical discharge. After exposure to air 
containing approximately 0.1 per cent ozone for 7 hours a marked change in 
spectrum had occurred. The bands observed after exposure to ozonized oxygen 
were present but the most marked change was the appearance of a strong band 
at 1624 ecm.~'. The 1624 cm. band was much stronger than the carbony! 
band at 1720 cm. and there was a weaker band at 1290 cm. that did not 
appear with ozonized oxygen. These bands are shown in Figure 2. 

The 1624 and 1290 em. bands did not appear, however, when the ozonized 
air was passed through caustic soda solution and then dried with activated 
alumina. This shows that the bands were produced by a gas other than ozone 
Rowen and Plyler’® observed bands at 1647 and 1280 cm." in cellulose which 
had been reacted with NO» and showed that the bands were due to nitrate 
groups. It seems certain, therefore, that the bands observed in the present 
work were due to similar groups, presumably formed by the reaction of NO» 
with alcoholic OH groups produced by the ozone. This conclusion is in agree- 
ment with the observation that the appearance of the bands is inhibited in vul- 
canizates containing 1 per cent phenyl-2-naphthylamine. 


EXPERIMENTS ON HYCAR OR-15 


With Hycar OR-15 it was possible to study the reaction of ozone at the sur 
face in the absence of a bulk reaction by using a monolayer spread on water 


The progress of the reaction was followed by surface area-pressure measurements 
After a few seconds’ reaction with ozone the films became less ¢ ompressible, the 
surface area-pressure curve having a steeper inclination. Further reaction with 
ozone led to a further gradual decrease of compressibility and after prolonged 
exposure the film seemed to disappear, since no pressure on the barrier was re 
corded on compressing the film. It is presumed that at this stage the material 
had passed into solution in the water substrate 

The possibility that hydrolysis of ozonide by the water substrate would 
vitiate the results has been investigated. A film that had been reacted with 
ozone was allowed to stand for 0.5 hour and no change in its surface area-pres- 
sure characteristics could be detected. Hycar ozonide prepared in solution was 
also allowed to stand in water and no change in its spectrum was observed 
These experiments seem to show that hydrolysis of the product of ozonization 
is slow under the conditions used 

In order to collect sufficient product for infrared measurements the contin 
uous method of producing films described in the experimental section was used 
The spectrum of the product is shown in Figure 3. The product contained 
unreacted double bonds as was shown by a medium intensity band near 965 
em. due to —CH=CH groups. Unfortunately it was found that, if the 
monolayer was ozonized further, it was impossible to remove the product from 
the trough. The spectrum of the product showed that it was very similar to 
the product of ozonization as formed in solution at low temperature. In par 
ticular it showed bands due to OH and carbony! groups in addition to a band 
at 1110 em.~'. A band was also present at 1170 cm.", though this was weak 
compared to the band at 1110 em.” 

For purposes of comparison, a thick film of Hycar OR-15 was exposed to 
oxygen containing 0.5 per cent ozone for 36 hours. The spectrum of the prod- 
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uct was similar to that from the monolayer, but differed in that the 1170 em. 
It seems probable, therefore, that as with natural 


yrominent 
band is due to the further 


band was more | 
least, of the intensity of the 1170 em 


f reaction 


i 


rubber part at 
action of ozone on an initial product o 
ON OZONE CRACKING 


EFFECTS OF ANTIOXIDANTS 


In view of the effect of phenyl-2-naphthylamine detected spectroscopically 


and of the protection afforded by antioxidants to Neoprene vulcanizates'’, the 


effect of antioxidants on the cracking of natural-rubber vulcanizates was in- 
vestigated. ‘The compositions of the vulcanizates and details of the test proced- 
ure are given in the experimental section 
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intioxidants tested provided protection against ozone, though 
a slight influence on the rate and nature of cracking 
er that slight differences between vulcani- 


N of the 


Sootie 
some appe ired to have 
Is such howe 


The nature of the test 
zates are ol doubtful Sig 

DISCUSSION 
product of the dark reaction between 
is similar to the well-known 
The latter product is the 
years The evi- 


The infrared results show that the 

solid natural rubber at room temperature 

product formed in solution at low temperature 
whic h has been known for many 

came from elemental analysis and its 


*’ §=69©T his evidence indicated that 


ozone and 


! natural rubber 


structure of this ozonide 
reactions, ¢.2 products formed on hvdrolvysis' 
the product was an ozonide analogous to the ozonides formed by simple olefins, 


ozonide i 
ce nee tor the 





REACTION OF OZONE WITH RUBBER 1341 


whose structure has been investigated by Rieche"”. In the case of 2-butene 
Rieche succeeded in synthesizing the ozonide and as a result of this work the 
following structure was established for ozonides 


Criegee” has shown by synthesis that the monomeric ozonide of 1,2-dimethyl- 
cyclopentene has a“ similar structure. 

It has long been clear, however, that the reaction of zone with carbon-carbon 
double bonds does not always give a simple product of this type. Thus 
Rieche” and earlier workers have shown that the nature of the product some 
times depends on the solvent medium in which the reaction is carried out 

The product obtained from natural rubber in the present work clearly had 
bove, since it contained O H 


a more complex structure than the one given a 
and carbony! groups. The products obtained Irom Hyear and the simpler 
i 


olefins investigated in the present work showed similar features 


Recently Criegee et al.” have shown that some compounds which had been 
thought to have the ozonide structure given above are not in fact ozonides 
The “ozonide”’ of 9,10-octalin may be cited as an example. The substance 
formed in the reaction between this compound and ozone has the structur 


shown below ° 


(4 


) 

} 
4 
v 


The formation of this ketone diperoxide is presumed to take pl wee if an inter 


mediate that splits at the carbon-carbon double bond g ions or radicals 
which then dimerize to torm the final product \ similar process occurs in 
ozonization of tetramethvlethylene, when a good eld of dimerie acetone 


peroxide was formed”! 

The products identified by Criegee are similar to the benzophenone diper 
oxide found by Marvel* in the ozonization of 1,1-diy | l-alkenes. In this 
work great care was taken to exclude water and it was found that the dips roxice 
was formed in the complete absence of water with an unchanged yield 

The work of Criegee and Marvel shows that scission at the carbon-carbon 
double bond frequently occurs spontane ously during ozonization and confirms 
an earlier suggestion of this kind made by Brinet 

The infrared and Raman results of Briner** on the ozonization of 
compounds shows that scission of carbon-carbon double bonds occurs at 
early stage in the reaction In the early stages of reaction Briner obser 
bands in the range 1780-1680 em which he attrib d to ozonides It 
more probable that these bands are due to carbor 

Table III gives the frequencies observed b 
the expected scission products. The frequen 
were measured using 0.025 M solutions in carbon tetrachloride 
ies given (marked asterisk 


st three compoun 
The remain 
ing compounds were not available and the frequet 
are those to be expected from the correlations given by Bellamy? 

This table makes it clear that the bands observed by Briner are due in four 
cases to scission products containing carbonyl groups and not to ozonide groups 
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Tasie III 


Frequency 


Compound © onon\k e scission product product 


Stilbene 70% 1697 (liquid)- 
Styrene Benzaldehyde 1700 (soln.) 
Anethole 7 Anisaldehyde 1685 (liquid)- 
1691 soln.) 
Methylisoeugenol 587 Veratric aldehyde 1664 (solid)- 
1694 (soln.) 
Cyclohexene 3: Open-chain aldehyde 1735* 
Limonene caryophyllene Aliphatic ketone or 720* or 1735° 
J aldehyde groups 
Nopinene Nopinone 1720*-1706* 
Ethyl maleate )e Ethy! glyoxalate > 1735* 


The only case in which the frequency observed by Briner does not agree with 
the frequency of the expected scission product is methylisoeugenol. Here the 
ozonization was carried to an advanced stage (50 per cent) and, in view of the 
ease with which veratric aldehyde is oxidized, the absence of a band due to this 
product is perhaps not surprising 

The evidence outlined above shows that spontaneous scission at the carbon- 
carbon double bond is a widespread phenomenon in ozonization. It seems 
likely therefore that a similar scission occurs during ozonization of rubber. 


This suggestion is supported by the isolation of levulinie acid diperoxide from 
o 
the ozonization of natural rubber in solution 


HOWC—CHAC »—CHr—-CH,—-CO.H 


This compound was first isolated by Pummerer*® who found that it was de- 
posited when a solution of the ozonization product was let stand in a stoppered 
vessel. This substance was occasionally deposited during the ozonization in 
the present work 

With natural rubber the scission can occur in two ways: 


CH; 


CO + R’ 


R 


The nature of the final products would depend on the further reactions of the 
biradicals, but some dimerization to diperoxides could be expected. A scission 
of this type would account for the presence of carbonyl groups in the product, 
but the way in which hydroxyl groups are formed is not clear. The experiments 
with ozonized air suggest that these hydroxy] groups are alcoholic, so that the 
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OH absorption cannot be attributed to carboxy! groups produced by the oxida- 
tion of aldehydes 

The inhibition of the introduction of OH groups by 1 per cent phenyl-2- 
naphthylamine suggests that they may be formed by a free-radical chain reac- 
tion. There are at least two possibilities for such a chain reaction: (a) the 
scission at the carbon-carbon double bond is itself a chain reaction and (b) the 
radicals produced by the scission start an oxidative chain reaction involving 
molecular oxygen by abstraction of a-methylenic hydrogen. This latter possi- 
bility would explain not only the formation of alcoholic OH groups, but also the 
decrease in the intensity of the CH» group band at 1460 cm.” relative to that 
of the CH; group band at 1375 em."*. 

This feature, which has also been observed by Salomon and van der Se hee’, 
is also characteristic of the thermal and photochemical oxidations of natural 
rubber where oxidative chain reactions are known to occur. However, these 
workers argue that the difference in spectra of the products of ozonization and 
of thermal oxidation shows that the reaction of ozone with natural rubber 
differs in principle from the thermal oxidative reaction. We suggest that an 
oxidative chain reaction may occur in both cases, perhaps to widely different 
extents, and as may be expected yielding quite different end products, since 
reaction conditions are not similar. 

Further evidence for a chain reaction occurring as a component of the ozoni- 
zation reaction is provided by Zuev*’, who found that phenyl-2-naphthylamine 
was effective in preventing the changes in mechanical properties when ozone 
reacts with sodium-butadiene rubber 

Measurements of gas uptake during the reaction of ozone with solid natural 
rubber have been made in an attempt to detect an oxidative chain reaction 
involving molecular oxygen. Unfortunately the results of measurements by 
volume change and weight increase methods did not agree. The precise nature 
of the chain reaction is therefore still unknown 

In addition to the reactions already discussed there is the reaction of further 
ozone with initial products. The oxozonides of Harries*, in which there are 
more than three oxygen atoms for each original double bond, are formed in this 
way. The infrared results on the 1170 cm.~' band show that such reactions do 
occur in solid Hevea and Hyear rubbers 

The results obtained in the present work do not provide a ready explanation 
of why stretched vulcanizates are cracked by ozone. However, the failure of 
antioxidants to prevent cracking suggests that the reaction which is inhibited 
by phenyl-2-naphthylamine does not play an important part in the process 
which leads to cracking. The splitting of the chain at the double bond which has 
been discussed seems to provide a mechanism for the chain scission which pre- 
sumably occurs when vulcanizates crack. However, it is possible that the me- 
chanical properties of the film formed at the surface are of more importance in 
relation to cracking than is any particular reaction Undoubtedly the fact 
that the reaction takes place in a very thin layer at the surface is very important 
in causing cracking. In this connection it is worth noting that the similar 
cracking caused by free radicals* involves highly reactive chemical species, 
which probably react at the surface and not in the bulk of the rubber 

The observations on the reaction of air ozonized by an electric discharge 
with vulcanizates are of interest in relation to accelerated tests of the resistance 
of vulcanizates to ozone. Since it has been shown that oxides of nitrogen par 


ticipate in the reaction between air ozonized by an electric discharge and vul- 


canizates, it seems undesirable to use such a supply of ozone unless the oxides 
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of nitrogen are re moved with caustic soda or are shown to have no influence on 


crack formation 
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1953 
SYNOPSIS 


The physical changes that occur when ozone reacts with unvuleanized rub- 
ber or unstretched vuleanizates have been studied. The speed of reaction is 
controlled by diffusion of gas into the rubber; as a consequence, initial products 
formed near the surface are subjected to further action by ozone To minimize 
this possibility, experiments have been carried out with thin films of Hevea 
rubber and monolayers of Hycar OR-15, and the products have been character- 
ized by infrared spectroscopy. The results are considered in relation to observa- 
tions on the ozonization of simpler compounds recorded in the literature. It is 
concluded that during ozonization there is a spontaneous scission at the carbon- 
carbon double bond with the production of aldehyde and (or) ketone and a 
peroxy biradical. The measurements show the presence of a reaction which is 
inhibited by | per cent phenyl-2-naphthylamine and which is presumably a 
chain reaction The nature of this chain reaction is discussed, and it is shown 


that’suppression of this reaction does not prevent the cracking of stretched 


vulcanizates The suggestion is made that the characteristic feature of cracking 
is a reaction which takes place in a thin laver at the surface of the rubber 
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INTRODUCTION 


While rapid strides have been made in the syntheti: organic chemistry of 
rubberlike materials and in the elucidation of relationships between structure 
and mechanical properties of elastomers, it is generally not feasible by synthesis 
alone to construct a rubbery type of polymeric structure which is likely to fulfill 
all requirements for a given specific application The tolerances imposed by 


synthetic methods are very close, and experience indicates that comparatively 


slight changes in reaction conditions, or monomer, soap and catalyst concen 
trations, all may have a profound effect on the balance of properties desired 
To aid in the achievement of desired properties, recourse 18 generally had to 
compounding. Thus, elastomers are compounded for a variety of reasons 
For example, plasticizers are added for improved low-temperature properties, 
reinforcing agents for improved tensile, tear, and abrasion properties, vulcaniz- 
ing ingredients for reduced plastic flow and improved elastic recovery, and 
antioxidants for providing resistance to aging. Furthermore, while optimum 
combination of synthesis and compounding efforts may achieve adequate bulk 
properties, the stock may still fail because of surface difficulties, e.g., permanent 
discoloration on contact with stains, and surface tack development. To over 
come these difficulties, in some instances successful use has been made of sur 
face coatings such as talc, waxes, or thin, adherent polymeric films 

In the course of an investigation of latex-dispersed acrylate elastomers in 
tended for casting cosmetic gloves in porous gypsum molds it was found that 
compounded materials which attained optimum bulk properties developed 
surface tack when the material, in rubbing against itself under conditions of 
use, was exposed to cyclic shear and compressive forces. Use of sprayable 
plastic coatings to overcome this problem was not satisfactory because of ad 
hesion difficulty, loss of mold detail, and development of surface gloss. A tec! 
nique, termed dilaminar film casting, was conceived as a means available to the 
technologist for imparting specific properties into a rubber compound. An in 
situ method, it comprises the successive deposition of two (or conceivably mor 
materials on a porous plaster mold surface. The first material is slush-cast in 
the usual manner and its parent latex removed after sufficient deposition is 
achieved. A second latex is then substituted before the interface dries, and 
build-up is continued to the final, desired thickness telative thickness of 
the two layers may be controlled accurately by variation of dwell times. Both 
male and female molds may be employed for producing dilaminar films 

After drying, curing, and removal from the mold, a laminated structure is 
obtained in which the outer resistant film is tightly adhered to the soft elasto 
meric substrate. The surface resistance to staining and to shear and compres 


* Reprinted from the Journal of Polymer Science, Vol. 20, lasue No. 95, pages 267-286, May, 1056 
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sive forces is greatly improved, and gloss-free surface detail of the mold is faith- 
fully duplicated. The purpose of this paper is to describe the preparation of 
composite elastomeric films, and their physical properties and to indicate the 
role the technique may play in devising compositions for specific applications. 


EXPERIMENTAL 


PREPARATION OF SPECIMENS 


Synthesis of polymers.Elastomeric copolymers of buty] acrylate and acrylo- 
nitrile (BA/AN) were prepared as previously described’ by batch emulsion 
polymerization. A typical charge formula calculated to yield a polymer solids 


content of 55 per cent is shown below: 
Ingredient Parts by weight 
Buty! acrylate and acrylonitrile 100 
Santomerse-D 1.23 
Potassium persulfate 0.01 
Sodium thiosulfate 0.01 
Potassium chloride 0.25 
Water 82 
Sulfuric acid, 10%, 0.44 


The monomer mixture, emulsifying agent, and water were charged into a 
5-liter, 3-necked flask fitted with a stirrer, reflux condenser, and thermocouples. 
The reactor was flushed with oxygen-free nitrogen, and then the potassium 
persulfate and sodium thiosulfate were added as separate aqueous solutions. 
The polymerizations were allowed to proceed at 20-30° C for approximately 
24 hours, at which time conversion was over 90 percent. The latex was vacuum 
stripped for 1 hour at room temperature. 

The purified polymers were analyzed for nitrogen content by the Kjel- 
dahl method. 

Latex compounding.—The polyethyl methacrylate (PEMA) reinforcing 
latex was prepared with the same technique and polymerization system as were 
the elastomers. Compounding was accomplished by adding the required 
volume of reinforcing latex to the elastomer latex slowly and with mild agita- 
tion, and a pH 8 was obtained by the addition of dilute ammonia. 


ia. 1 Abrasion tester for determining the resistance to surface tack development on repeated rub- 
bing Note: Trolley is tur i sideways in photograph to show ounting of test films During test, trolley 


is upright so that the two film surfaces are in flat contact 
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After addition of PEMA, the latexes of BA/AN elastomers containing 10 
per cent or less acrylonitrile were further compounded with 6.5 parts of Syton ¢ 
silica (Monsanto Chemical Co.) and 1.27 parts of benzoyl peroxide in toluen 
solution per 100 parts of copolymer. No reinforcement other than PEMA was 
added to the copolymer latexes having more than 10 per cent acrylonitrile 

Description of molds Test sheets, 3.75 inches internal diameter and 

j | " 7 


inches long, were cast inside cylindrical stone molds* made from Hydrocal A-11 
(U. 8. Gypsum Co Specimen gloves were cast in female stone molds dupli- 
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q from Aigin Impressions ol } lI I id W ill thickness of the molds 
out 0.375 ine} 


Casting procedure The procedure for casting laminar films consisted of 
yauze-strained x of th position desired for the outer surface 

ite of pouring was regulated so that 

heen wetted was allowed to dry After a 

y r of 1-10 minutes, the latex was 

second latex of the material chosen for the inner layer 

oured in a similar manner to the first Dwell times for the 


ded on the rate of build-up and thickness of the film desired 


1@ Was approximately hour 
was dried in situ for about 4 hours at 50° C, after which 


ed from the mol For the preparation of flat test sheets 


lindrical castings were slit parallel to the major axis, and the bottom cut 
out. The films were then heated at 100° C for 1 hour in a circulating-air oven 

Conditioning of samples.—Prior to physical testing, all samples were condi- 
tioned 1 week at 77° F and 50 per cent relative humidity 


TEST METHODS 


The tests employed for characterizing the dilaminar films were of two types: 
one for obtaining the bulk or volume properties, and the other for obtaining 
properties unique to the surface. The bulk properties measured were 300 per 
cent tensile stress, ultimate strength, elongation at break, and tear strength 
using a Scott tester, and low-temperature flexibility using a Tinius-Olsen Stiff- 
ness-in-Flexure tester Test methods were in accord with ASTM procedures 
1412-49T and D1004-49T, and D747-48T, modified as previously described?’ 

For the study of surface properties, tests were devised apropos the specific 
usage of the end item. The resistance to development of surface tack under 
shear and compression forces was determined with a Gardner Washability tester 
(Gardner Laboratory sethesda, Md.), which was modified so that mold sur- 
faces of test films were rubbed over one another 32 times per minute with an 
§-inch stroke. The moving trolley (Figure 1) was weighted to 2 pounds. In 
the center of, and at right ingles to, the stroke an obstruction was fastened to 
the instrument table under the lower, stationary film. The obstruction con- 
sisted of a 0.5 inch diameter aluminum tubing, cut parallel to the major axis so 
that the high point was 0.1 ich above the table. As the trolley came in 
contact with the obsti bo ympression and a ring deformation 
were imparted to the fil ly above it At the area of maximum stress 
some materials devel ickiness to a degree that the two surfaces could no 
long n some instances, a hole was worn in the lower 
fi it w he test was stopped and the number of 
This 1 ( ited wv ilts obtained by cycling cosmet 
cha inds ul he ulated service condition of grasping 

to withstand permanent staining 
and staining agent for 
ve the discoloration by w 
water, washing with a methanol-moister 
acetone-moist ned rag Staining agents used in these tests 


and oe polis! Discoloration by contact with 


} 


the products « ymbustion of cigarettes was determined by laying samples 


horizontally on a wire grid in a glass chimney and allowing the smoke from a 
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lighted cigarette tip held 4 inches away to curl over it. A timed air blast was 
blown through the cigarette to control the rate of burning. Test results wer 
recorded on 4 comparative basis between the extremes of sever 
and none at all 
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RESULTS AND DISCUSSION 
HOMOGENEOUS FILMS 


properties of cz lms of copolymers of butyl acrylate 

of weight per cent of acrylonitrile in the polymer 

port a oni le contents are leu) 1 values based on the determina- 
nitrogen in the copolymer ig 3a through 3d show the tensile 
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proj polyethyl methacrylate 


\ +30,000 Cycles 


\ 


+ 


DEVELOPMENT 





~ Jf 73-27 BA/ AN 


. 
oO 
< 
- 
o 
- 
" 
ewe 
| 
oO 
> 
oO 


home 


3% 
PEMA ( p.h.1.) 


ethyl! met} 








ianical properties with increasing acrylonitrile con- 


gy reinforcement may be observed However, as the amount 


ontent and/or reinforcing agents is increased, the low-tempera 


decreases This may be observed in Figure 4 in which the 
perature at which modulus in flexure becomes 1000 p.s.1. is plotted as a func 


tion of acrylonitrile content and various polye thyl methacrylate loadings 


While room-temperature strength properties are enc hanced as the concen- 
trations of acrylonitrilefand polyethyl methacrylate are increased, surface 
properties such as resistance to the development of tack under repeated shear 


and compression and resistance to staining and solvents are almost solely 


responsive to increasing concentration of acrylonitrile. Thus, in Figure 5, at 
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zero concentration of polyethy! methacrylate, films containing 18 per cent acrylo- 
nitrile developed tack after approximately 700 rubs on the Gardner reciprocat 
ing machine, compared to 1600 and more than 30,000 rubs for films containing 
23 and 27 per cent acrylonitrile, respectivel) Furthermore, resistance to 
reversible staining by a variety of staining agents was greatly enhanced in th 


‘ 


copolymers containing the higher amounts of acrylonitrile 


DILAMINAR FILMS 


A series of dilaminar films were cast with a 27 per cent acrylonitrile copol 
mer composing the surface layer and a 9.5 per cent acrylonitrile copolymer ré 
forced with 30 parts ol polyethy! methacrylate and 6.5 parts ol silica as the sub 
strate layer The properties of these dilaminar films are given Table | 
The rapid thickness build-up during casting of the surface layer of high acr 


r 


nitrile material can be seen In general, it has been observed that a latex dispel 


TABLE I 


TENSILE PROPERTIES OF DILAMIN 


Thickness 


Potal k 


38 0.00 264 1240 
56.9 O.14 236 570 
58.4 0.18 220 630 
55.0 0.39 277 676 
57.7 0.50 264 753 
58.8 0.58 240 875 
62 1.00 2356 1040 


a 


“~ 


~ 
~ 


mo 


7 
0 
21.2 
28.8 
34 
2 


sion of a hard polymer deposits against a porous gypsum surface faster than a 
soit one The relatively slow build-up of soft materials may be attributed to 
fusion or distortion of individual particles as they deposit against the mold, 
blocking mass transfer between the latex and the mold wall, preventing deposi 
tion via capillary or coagulative means. It is interesting that in the case of the 
dilaminar films cast during these experiments the actual rate of build-up of the 
90:10 BA/AN latex is faster when cast over a layer of harder and fast-de posit 
ing material than when cast directly against the mold wall itself 

In the cast dilaminar film the outer surface layer was tightly adhered 
substrate, and the layers appeared to be completely fused Whether 
adhesion is attainable by this tec hnique because of intermingling of lat 
ticles and mechanical locking during film formatio: 
deposition or other means Is pot known at the present time 

The mechanical properties ol the dilaminar 
and the properties of the pure components, are 
be noted that the tensile strength is lower for the 
pure component, whereas the ultimate elong 
about the same as those of the less extensibl 
believed that the reason for such behavior is 


elongation of the less extensible material the 
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yreater ey lity is lower than its ultimate. At this elongation the less 
extensible material snaps, producing a notch and high local stresses. thereby 
causing the more extensible layer to undergo a tearing failure. According to 
chanism the ultimate elongation of dilaminar films should remain essenti- 
constant at a value equal to that of the less extensible material, independent 
laminate thickness, and the ultimate tensile stress of the composite should 
lower than that of the stronger component 
Assuming that the over-all tensile resistance of the dilaminar films is due to 
summation of stresses in each laver at any « xtension, it 1s possible to derive a 
simple formula which may be used to predict the tensil properties of the 
inate from the properties of its components 


SA 


‘ile stress in the dilaminar film and A is the cross-sectional 
and subscripts refer to the individual lavers of the 
substituting in Equation (1 


and A 


where t, 
men 


(2) 


Defining the ratio # as j following equation relates average 
stress to stress in each lay 


(3) 


Stresses 5; and S» are the stresses built up in each individual layer at a given 
elongation 
Figure 6 is a plot of the tensile properties of dilaminar films as a function of 
the ratio of thickness of outer layer to total thickness See Table I for de- 
scription of the sampl As predicted by quation (3), tensile strength of the 
diiaminar material gives a straight line whose interes ptatR 1 is the ultimate 
strength of the less extensible mats rial, and at R 0 is the stress developed in 
the more extensible material at the breaking extension. Stresses predicted from 
the graph are 1080 p.s.i, ultimate for 73:27 material, and 480 p.s.i. for the rein 
190:10 BA/AN at the breaking elongation of the dilaminar film This com- 
» the measured values (Table I) of 1040 and 450 p.8.1., respectivel The 


} 
} 


cent modulus of the dilaminar film as a function of F# is also a str tight 


jut of low slope, since the 300 per cent modulus value was approximatel) 


y 


sme for the two components of the films used in these « kperiments 


The flexural moduli as a function of temperature are reported 

? ; 
for the pur omy en and tor the dilaminar films Initial] vO xurai 
tests were perlormes n ch dilaminar beam 80 that each layer was subjected 


to tensio ny No significant differences were found. Results 
bending WAS Col CX m the Irlace ft stiffer 


material 
As 


dilaminar ! inder load may be calculated assuming that it may be treated 


pro} the resistance to flexural deformation of a 


45 ah eq livale nt 7 he im ol homoge neous materi il* The we neral formula 


for the ratio of the flexural] moduli of a « omposite beam to that of a beam of the 
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Numerical solutions of equations for lamination of 


materials with stiffness ratios up to 100:1 al 
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lower modulus material is derived in the appendix. In terms of the ratios: 


thickness of stiffer surface layer 


k 


total film thickness 


. modulus of stiffer surface layer 
Z { 


modulus of substrate 


this formula is 
Ep 3(1 R)ZR 
Zhe’ (1 k)* + (4 
Ey, ' Bis ~1) +1 


Ep is the modulus in flexure of the dilaminar structure and Ey is the 
softer) material. Numerical solutions of Equation 

1) are plotted in Figure 7 for lamination of materials with stiffness ratios up 
to 100°] It is of interest to note that an outer material with 100 times the 
modulus of the substrate may be laid down in thicknesses up to 25 per cent of 
the total thickness with only a fourfold increase in stiffness of the dilaminar film 
The moduli in flexure of the dilaminar films are plotted over the temperature 

as the curves (solid lines) for 


where 
modulus of the substrat 


) 
of +25 to —30° C in Figure &, as well 
i function of the ratio of layer thicknesses as calculated from 
homogeneous components. There is 
values and the calculated 


may be treated as com- 


range 
dilaminar films as : 
4) and the properties of the 


good agreement, in general, between the experimental 
‘ 


indicating that dilaminar films ol elastomers 


J quation 


\ alue 8 


posite beams within the limitations of the test method and assumptions in the 


derivation of the flexure formula 

The surface properties of the dilaminar films ar 
material of the outer surface layer Thus a dilaminar film containing a 73:27 
icrylonitrile copolymer as the outer layer did not develop sur- 


machine and had 


essentially those of the 


butyl acrylat 
ace tack after 30,000 rubs on the Gardner reciprocating 
solvent resistance ascribable to the 73:27 butyl acrylate-acrylonitrile copoly- 
mer 


SCOPE OF THE DILAMINAR APPROACH 


In the general field of engineering materials, dilaminar or composite struc- 
are well known. For example: wooden beams are reinforced with steel 

for enhanced strength: bimetallic temy 

ial coefficients of « xpansion vinyl plastic steel com- 


dity of steel and the chemical re- 


“ature regulators are composites 


of different thern 


terial retaining the rig 
In the plastics and elastomer materials, 


ilso been exploited Surlace 


\ 
of the yosed vinyl surface 
structures hav 


been made by solvent ex- 


intayes It dilamil 
vinyl plastics have 


nd « 
wna 


inyl chloride film 
\ inyl 


31 of a plasticized polyy 


ure, consisting of a surface layer of poly 


Irom 
osits truct 
ijer quantities ind a substrate containing larger q lanti- 


! tires consisting 


urther ex implies are compos te automobile 
surface | f an abrasion resistant polyurethan elastomer and natural 
ynthetic rul substrates. Several patents have been issued describing 
urface treatment of a rubber article with chlorine to produce a chlorinated 


rubber-unchlorinated rubber composite 


ations for elastomeric material, it is not at all uncommon 


In many appir 
to require in 4 material a set of properties which in theory indicate diametri- 
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in 


| 


u ‘ 
good 


cally opposed synthetic and compounding procedures. For example, if 
elastomer is to have good low-temperature properties and at the same time 
solvent resistance, increasing the amount of that component which would im- 
part added solvent resistance, results in a loss in low temperature flexibility and 
vice versa 
Within the copolymer series studied, at one extreme of composition 

acrylonitrile ratio) the elastomer possessed required properties of good abrasion 
and solvent resistance, but lacked others, such as extensibility, and good low 
temperature flexibility. The latter, however, were well achieved at lower 
acrylonitrile ratios; yet within the entire range of copolymer compositions no 
entirely satisfactory material was found. Because of such inherent limitations 
compromises have to be made, and even when one property is partially sacri 
ficed at the expense of another fruition may not be achieved. In this instance, 
the dilaminar approach has been shown to be of assistance The properties ol 
two different materials were considered, and the two materials physically com 
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fo Pe ONE 
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bined in juxtaposition to display their individual properties w 

$y this method, surface properties were realized in an elastomeric: 
which were unattainable through the use of a co 

copolymer It has been shown, however, that « 

completely retain all the optimum properties of it 

too, as with monolithic structures, some compr 

dilaminar approach then represents one furt! 

which may be used with great flexibility, ar 

effectively if the consequences of the physi« 


apprec lated 


APPENDIX 
DERIVATION OF EQUATION FOR 


OF COMPOSITE |! 


It is assumed that the composite beam may | plac 


“T”’ beam of homogeneous material as shown in Figure 9 
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A. Determination of the Neutral Axis of Composite Beam 


The location of the plane of the neutral axis is such that the first moment 


of area (1) is equal to that of area (2 
, 


Distance C.G.. to N.A. area distance C.G.; to N.A 


ty bel bi ~ be 
ee ” 2 | biti + Beate 


8. Determination of the Second Moment of Composite seams 


listance C.G., to N.A 
(distance C.G.» to N.A.)* 


where Jy is the moment of inertia of the equivalent “T”’ beam, and /; and J. 
are moments of inertia of the areas (1) and (2) of the equivalent ‘‘T’’ beam 


ibout their center lines 


Substituting tor C as define d in | quation and collecting terms 


bits 


second moment ol a homoge neous hye itn of rec tangular cross section of 


LICKTLCSS l T 


1 elasticity ot the l ‘ I] { { y Is the modulus 


material 
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then ° 


ti ( 


h, 
byt; 


Substituting 


ZI* 
R(Z 


In kquation (4) Jy is the moment of inet 
stiffness to the dilaminar beam, when the 


material, 1.e 


ED) opt Kl 
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where Ij 1/12b,(t; + t2)'*, or: 


Ep I KE 
ee + 


BInCce 


lp |  ezRti-R 
} + 
E, “RE —-1) 


SYNOPSIS 


Many applications of rubberlike materials require a combination of bulk 
and surface properties which may not be attained with a specific elastomeric 
composition, regardless of vulcanization, reinforcement, or other modification 
by compounding, but may be achieved by combining two materials in a lami- 
nated structure. This paper describes a technique for casting hollow laminated 
elastomeric structures from aqueous dispersions in molds of plaster of Paris. 
An elastomeric composition which has the properties required of the surface is 
deposited first, and a second composition having the properties required of the 
bulk is then cast against the original film before the latter dries in the mold. 
This process, termed ‘‘dilaminar” film casting, yields laminated films having 
resistant surface layers of uniform controllable thickness that are inherently 
bound to the substrate. The properties of a series of butyl acrylate-acrylonitrile 
copolymers of varying monomer ratios and amounts of organic reinforcing 
agents were studied. It was found that unreinforced copolymers of approxi- 
mately 27-30 per cent acrylonitrile had suitable resistance to staining and 
abrasion, while reinforced compositions of an elastomer copolymer having an 
acrylonitrile content of about 10 per cent displayed optimum bulk but poor 
surface properties. Dilaminar films were cast of two compositions having 
optimum properties for surface and substrate layers. The laminated films re- 
tained the surface resistance of the outer laminas and exhibited mechanical 
properties intermediate between the properties of the two components. Equa- 
tions relating tensile and flexural properties of laminated elastomeric films to 
those of the single homogeneous compositions were derived, and calculated 
tensile and flexural values were found to agree with the experimental data 
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ISOTOPE EXCHANGE BETWEEN SULFUR ATOMS IN 
VULCANIZATION ACCELERATORS IN THE PRESENCE 
OF DIPHENYLGUANIDINE AND 
PHENYL-2-NAPHTHYLAMINE * 


A. Buoxu, E. A. GoLtusKova, AND K. V. KuRSKAYA 


vexi! CurmmicaL-Trecunovoaica. Inert Dwes rH .ER 


In previous work! it was shown that in the process of vulcanization a con- 
tinual series of isotope exchange reactions takes place between the sulfur atoms 
in the various sulfur-containing ingredients of the vulcanizate. It was estab 


lished that the sulfur atoms which enter into this isotope exchange include not 
only those which go into the structure of the molecule of accelerator, e.g., mer- 
captobenzothiazole, benzothiazoly! disulfide, and tetramethylthiuram disulfide, 
carbamates, and sulfenamides, but also the sulfur atoms which form the poly 


sulfide bonds, R-—S,,—R, and, in addition, those present in the form of second 
ary products formed in the vulcanization process (hydrogen sulfide and zin 
sulfice Evidently the exchange reactions between sulfur atoms in the sub 
stances present in an accelerator-type vulcanization, in which sulfur in a re 

active form is liberated, and active radicals are formed from the accelerator and 
take part in structure formation in the rubber, are of prime importance. The 
formation of a vulcanization network in which the rubber, sulfur, and carbon 
black are chemically combined, is another result of industrial vulcanization 

It is known that amine products containing no sulfur, e.g., diphenylguani 
dine and phenyl-2-naphthylamine, as well as zinc oxide and other materials, also 
enter into the composition of a rubber vulcanizat« Hence it is of practical 
importance to clarify also the effect of the various nonsulfur-containing ingredi 
ents of a rubber stock on the intensity of the isotope exchange between the 
sulfur atoms in the substances taking part in the accelerated vulcanization of 
rubber. 

It was shown earlier? that the presence of zinc oxide retards the isotope ex 
change between the sulfur atoms of mercaptobenzothiazole and those of elemen 
tal sulfur; this was explained by the formation of a zinc salt of mercaptobenzo 
thiazole, and the inability of this salt to undergo a tautomeric change into 
mercaptobenzothiazole with a thionic structurs What, then, might be the 
effect on the intensity of isotope exchange of such important ingredients as th 
wing inhibitor, phenyl-2-naphthylamine, or the nonsulfur-containing accelera 
tor diphenylguanidine 

The role of diphenylguanidine as an accelerator of moderate strength has 
heen described in the literature It is known that a combination of dipheny] 
guanidine and mercaptobenzothiazole forms a stronger accelerator combination 
than either of them taken separat ly The mechanism of the action of this 
accelerator combination has not been investigated sufficiently The reaction 
mechanism is usually ascribed to the formation of an unstable saltlike complex 

* Translated for Russen Curmierny ann Tecunotogry by Ma Anderson from the Doklady Akade- 


it Nauk S.S.8.R., Vol. 105, No. 2, pages 275-278 (1955 
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were then sealed and heated at 100° C for periods of 3, 4, 5, 8, 10, and 18 hours 


5,8, and 10 hours. The ampoules were then opened, and the 
iptobenzothiazole was separated with an aqueous sodium hydroxide solu 
tion and then reprecipitated with hydrochloric acid. The residue left after the 
treatment was then treated with cold : hol, and in this way the radio- 
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enylguanidine are presented in Table 1 
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compound, nor as to the effect of this secondary product on the protection of 
rubber from oxidation or on the vulcanization process 

We made a study of the kinetics of the exchange of sulfur atoms between 
mercaptobenzothiazole and elemental sulfur in the presence of the antioxidant, 
phenyl-2-naphthylamine, these being present in the ratio 1:2:1, respectively 
The above combination of active ingredients was dissolved in 20 ml. of xylene 
and heated in sealed ampoules at 100° and 125° C for periods of 3, 4, 5, 8, 10, 
and 18 hours. The separation of the free radiosulfur from the other compon- 
ents was carried out by the method described above. The phenyl-2-naphthyl- 
amine, which was separated by alcohol extraction, was then heated in alcoholic 
alkali solution for the purpose of separating from the phenyl-2-naphthylamine 
any benzothiazolyl disulfide which might possibly be formed under our test 
conditions, the presence of which might very well distort the true situation 
regarding the sulfurization of phenyl-2-naphthylamine, if this did occur at all 
Finally, each of the components separated was tested for radioactivity. The 
kinetics of the sulfur isotope exchange in the presence of the antioxidant 
phenyl-2-naphthylamine is presented in Table 2 

From the data given, one may conclude that phenyl-2-naphthylamine has 
practically no effect on the intensity of the isotope exchange; in this its behavior 
markedly differs from that of diphenylguanidine. Another noteworthy fact 
which we observed was that the phenyl-2-naphthylamine separated by alco- 
holic extraction after triple recrystallization possessed radioactivity. This 
unquestionably indicates that there is a reaction betwen the radiosulfur and the 
phenyl-2-naphthylamine, i.e., that the phenyl-2-naphthylamine has become 
sulfurized. We may assume that the observed fact of the formation of a sulfur 
yossibly of the benzophenethiazine 
lpoint of either its protective proper- 


compound of phenyl-2-naphthylamine (; 
{ 


type) is of prime importance, from the stan 
ties or its effect upon the kinetics of vulcanization 
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In another set of special experiments we heated sulfur with diphenylguani- 
dine and sulfur with phenyl-2-naphthylamine, both in a 1:1 ratio, in glass am- 
poules at 141° C for 120 minutes. The hydrogen sulfide liberated was collected 
in iodine and the solution titrated with thiosulfate In the experiments with 
sulfur and diphenylguanidine, 0.074 per cent of the sulfur originally present was 
liberated as hydrogen sulfide, whereas with sulfur and phenyl-2-naphthylamine 
0.64 per cent was liberated 

Hence, when one considers the oxidative processes in sulfur vulcanizates, it 
is necessary to bear in mind not only the reaction of sulfur with the oxygen- 
containing portions of the molecular chains in the rubber, but also its reaction 
with the antioxidant; i.e., the sulfurizing of the latter. Hence, the consumption 
of phenyl-2-naphthylamine may result not only from reactions with the per- 
oxide radicals in the rubber, but also from reactions with free sulfur or with 
sulfur liberated by the decomposition of polysulfide bonds in the vulcanizate. 
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It is evident that the phenyl-2-naphthylamine, by attracting part of the sulfur 
f the free sulfur which participates in the 


to itself, reduces the concentration of 

creation of vulcanization Junctions in the rubbe: In the light of this, one may 
understand why vulcanizates containing phenyl-2-naphthylamine have a lower 
n vuleanizates without an antioxidant 


tensile stre ngth at optimum eure tha 
The products of reactions between sulfur and diphenylguanidine and be- 


tween sulfur and phenyl-2-naphthylamine undoubtedly exert an influence on 


the isotope exchange in the process of rubber oxidation 
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REACTION OF ELEMENTAL SULFUR AND 
MERCAPTOBENZOTHIAZOLE * 


G. A. Bioxu, E. A. GoLtusBkova, anon G. P. MIKLUKHIN 
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INTRODUCTORY 


One of the most important problems in the field of the physics and chemis- 
try of rubber is that of vulcanization. Until now no single theory has been 
established, which elucidates the complex physico-chemical changes which occur 
during this process. Still more obscure has been the mechanism of the action 
of vulcanization accelerators, which, as is well known, not only reduce the time 
and the temperature of vulcanization, but also influence the physico-mechanical 
and chemical properties of the rubber'. Most investigators have assumed that 
in the acceleration process a reaction with sulfur converts it to an active form 
which is capable of bringing about vulcanization at a lower temperature and at 
a greater rate, than with ordinary elemental sulfur in the absence of an aec- 
celerator. This point of view is based on the experimental fact that the vul- 
canization of rubber by sulfur dioxide and hydrogen sulfide, for example, which 
form sulfur in the nascent condition, proces ds rapidly even at room te mpera- 
ture 

Investigators have also assumed that in the vulcanization process activation 
of sulfur in the presence of accelerators may occur by different mechanisms 
It is possible that the accelerator, reacting with elemental sulfur, forms un- 
stable intermediate compounds, which decompose with liberation of sulfur in an 
active form. The latter reacts with rubber, and the regenerated accelerator 
reacts again with elemental sulfur, etc. However, a different process is possi- 
ble for the activation of elemental sulfur. By this second mechanism the un- 
stable combination of accelerator and sulfur reacts directly with rubber without 
the formation of active sulfur 

Both these mechanisms necessarily assume the formation of intermediate 
unstable combinations of the accelerator with sulfur. However, direct, experi- 
mentally-based demonstrations of such an interaction are lacking in the litera- 
ture. There exist only theoretical hypotheses concerning the nature of the 
possible intermediate combination of the accelerator with sulfur According to 
Ostromislensky’s concepts’, further developed by Bedford’, such an intermedi- 
ate compound has the character of a polysulfide According to Bruni and 
Romani‘, this intermediate compound is a disulfids As is well known, the 
disulfide theory was placed in doubt by Zaide and Petrov® on the basis of data 
from the vulcanization of rubber in the presence of benzothiazoly] disulfide 


GENERAL 


The present work was undertaken with a view to confirming experimentally 


the formation of intermediate compounds between mercaptobenzothiazole and 


* Translated for Runsen Cuemterry ann Tecunotoa ( lye Mac rom Doklady Akademii 
Nauk SSSR, Vol. 86, No. 3, pages 569-571 (1952 
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which all the sulfur atoms or a definite portion of them 

be interchanged, that is, made chemically equivalent. This problem may 
stigated with the help of the method of labelled atoms. In order to solve 

is problem, we studied the exchange reaction of sulfur atoms between mer- 


captobenzothiazole and elemental sulfur in fusion mixtures solutions, and 


ibber mixtures under vulcanization temperature conditions 


EXPERIMENTAL 


OF EXCHANGE IN SULFUR-MERCAPTOBENZOTHIAZOLI 
MIXTURES 


Mixtures of powdered radioactive sulfur and chemically pure mercapto- 
benzothiazole were fused at temperatures of 145°, 150°, and 154° (temperatur 


fluctuations did not exceed +1 and also subjected to heat treatment at a 


TABLE 1 
EXCHANGE REACTION BETWEEN MERCAPTOBENZOTHIAZOLE AND 
RapIoaActive Sutrurn in THer Mixtures AND Fusion Mrixtures* 


J 


] 
j 


s. After heating, the mixtures 
oom temperature, and from the resulting fusion the mer- 


different time interva 


captobe nzothiazole was s¢ pal ited by treatment in the cold with a 1 per cent 


aqueous solution of sodium hydroxide, followed by decomposition of the sodium 
salt of mercaptobenzothiazole with hydrochloric acid The mercaptobe NZO- 
thiazole thus separated had a m.p 7 7 The results of measurements 

of mercaptobenzothiazole are given in Table 1. The sulfur 
which remained on the filter was found to be somewhat colored, but we did not 
purify it fur activity was not measured. kxperiments were set up 
separately fi erse exchange of inactive elemental sulfur and mercapto- 


benzothiazole | ve] with radioactive sulfur 
STUDY OF THE EXCHANGE Ol ULFUR WITH 
MERCAPTOBENZOTHIAZOLI 


Studies were made with natural rubber (light crepe), previously deresinified 


prolonged extraction of the resinous compounds with acetone After the 





REACTION OF SULFUR AND A THIAZOLE 


addition of radioactive sulfur and mercaptobenzothiazol 
rubber, the rubber mixtures were vulcanized 

tures of 145° and 150° C, under a hydraulic | 

periods of time from 15 to 180 minutes, i.e col 
thorough vulcanization. The resulting vulcanized films 
were ground fine and extracted with acetone for a long t 


ne in order 


il 
the free sulfur and mercaptobenzothiazole from the vulcanizate 


quent separation of mercaptobenzothiazole from sulfur was mad 
method described above. The results of measurements of the activity 
mercaptobenzothiazole separated from the sulfur are given in Table 2 

The activity of the mercaptobenzothiazole separated from the fusion mix 
tures, solutions, and vulcanized rubbers and the original sulfur, was determined 
by means of an end-window counter tube. The background of the counter 
consisted of 13-15 counts per minute. The activity of the original elemental 
sulfur was 700-1000 counts per minute. The quantities of sulfur and mercap 
tobenzothiazole were taken as 2:1, i.e., the proportions of the accelerator and 
the sulfur were those current in practice. 


TABLE 2 


EXCHANGE REACTION BETWEEN MERCAPTOBENZOTHIAZOLE AND RADIOACTIVE 
SULFUR DURING THE PROCESS OF VULCANIZATION OF RUBBER 
Time 
r nh 
15 
30 
60 
120 
180 
15 
30 
60 


It is evident from the experimental data given in the tables that at tempera 
tures of 145°, 150° and 154° an intense exchange of sulfur atoms takes place 
between mercaptobenzothiazol and the sulfur it I I ion mixtures 
exchange was observed at 100° and below (the mixtu: id not melt 
sulfur atoms also exchanged in the presence of rubber under the conditions 
its vuleanization® 

In a well defined way, the resulting data demonstrated the presence 
intense chemical interaction between sulfur and mercaptobenzothiazols 
in fusion mixtures and in rubber mixtures at temperatures correspone 
those of vulcanization. A similar interaction is possible only during the 
tion of some intermediate combination between elemental sulfur and n 


benzothiazole (or their decomposition product inder the condit 


experiments 

The mechanism of the exchange reaction between sulfur and me 
benzothiazole is still not clear. In the first pla for a judgment of th 
anism of this reaction, the position of the exchangi lfur ator 
benzothiazole must be identified. If, as we 
exchanges, then the exchange reaction may p 
ample, by the intermediate formation of di- o: 
by rearrangement; by the shift of a hydroger 


followed by the exchange of sulfur in the C==S b 
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the differ d mechanisms may be 


able, from our point of view, 
than the kchange of 


sulfur which occurs 
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THE QUANTITATIVE ANALYSIS OF RUBBER 
CHEMICALS. I.* 


WALTER SCHEELE AND CHRI 


iH 


STATEMENT OF THE PROBLI 


Studies of the reactions occurring during mast 
rubber must be regarded as still far from completed « 
experimental contributions Although man t! 


the mechanism of the processes to be discus 
ol direct studies of the chemi il Processes Or on 
technological methods, one still has the lmpre 


tion’ of all the relationships is not possibl 


( if 
i i 


r } 


pro 


experimenter mainly because of their importance 


canization are undoubtedly very difficult 


It is convenient to distinguish between those studic 
dation of the reactions of the molecular chains of rubber 
cyclization, and vuleanization, and those that deal wi 
the compounds which influence the course of thes 
interested in the second of these studi 
mental work, it seemed to be desirable to h 
we would be able to determine quantitatively the 
tors, age resistors and, as well, the decomposition pro: 


rubber chemicals in question We feel that the deve lopment of the 


is absolutely necessary for scientific studies of the kine entioned 
desirable for the industrial laboratory Man 


rubber compounding ingredients, especially « 
age resistors, have been published; most of tl 
identification only Sesides precipitation and 
cal methods are of considerable importance 
all kinds, and especially the characterization 
ultraviolet, and infrared spectra have been wide 
cation of polarogr iphy has hecome known 
been put to use with marked success to se pi 
then to identify them by characteristic reactir 
Jased on the idea that auxiliary rubber 
moved from a vulcanizate by extraction with 
acetone, we were interested primarily in the 
us to analyze quantitatively in the original « 
considerably though not eliminate, all of a 
Potentiometric titration® and especial] 
applicable becaus if the very high reactivit 


possibility of study 


and also because 
* Translate ‘ iemierry & Tron 


/, August 1954 i 
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Furthermore, these methods are also practical for 


of indicators 18 In most cases 


| I accelerators 


jlantitative « rmination o! several 
application of conductometric methods. How- 
only with the determination of pure compounds and of 


them 


POMETRIC TITRATION OF DITHIOCARBAMATES * 


PITRATION OF DITHIOCARBAMATES WITH ACID 


i that carbamates as well as dithiocarbamates undergo cleav- 
age with acide iocarbamates form dithiocarbamic acid, which in turn 
decomposes into carbon disulfide and the respective amine. With zinc diethyl- 


W 








lo arba 


After all 
maductivity 
ydrogen ions 


if known concentration which has been consumed up to the 


ft the rapidl 
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‘ ~ 
Ww + oe ee ee oe’ 





Conductivity in sha”® 





! ! 
Sodium hydroxide (cc) 


TaBLe | 
Zinc DIfTHYLDITHIOCARBAMATE Wirn AcIp 


J 


1.00 
1.00 
1.00 
1.00 
1.00 


‘Viation of mean value 
2.00 


2.00 
2.00 


tO ho dO dO 


~ tO tS tS tS 


t 
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BBER CHEMISTRY 
determined on the abscissa and cor- 
the conductivity cell 
titratio 


thie 


» Zine 
line 3 
of added 


NaOH 
to the imo 
ind the conductivity stays 


the 


theoretica 
ocarbval 


conductivity therefore decreases 
After this zine is precipitated as hyd 

practi ily constant line When all the zine is pre ipitated conduc- 

ARBAMA witu AcIp 


ul rf 
ABC sii 
roxide 


th 


Hare 


or Zinc DisuryLprraiwe 


PITRATION 


AOL AN 


lOnS ure 
nation 


hich 
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ind 
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The results of our studies on the analysis 
lables I to III. 

From these tables it is evident that as smal 
diethyldithiocarbamate is still easily titrated 
the titration values j 3.6 per cent As litt 
thiocarbamate v } with an error 
zine diethyldithiocarbamate with a mean error 
shows that the ce Viations increase with deer 
1.81 mg. of zine diethyldithiocarbemate, the er 


Tas.e III 
TITRATION OF Sopium Dieruyeprrintos¢ 


| 
I 
y 
ed 


6.00 0.1 


5.92 
1.02 
5.65 


Loo 


O.O1 N 
4 


Hit PITRATION 


WITH SILVER 


Dithioe irban | 
cribed in detail Gler hwab®, In 
lithiocarbam icids are distinguished b 


| 


that thi iakes possible an additior 
ocarbamates, though only to a limited exter 
th an acid is considerably more accurate and 
er nitrate This is briefly discussed bele 
When silver nitrate is added to a solutior 
ver dithiocarbamate is precipitated A 
1 1s obtained As long as silver dit 
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0.0025 A 


titratio! 

Table I\ 

At high 

neentratio! 

fheiently accurate only : medium concentra- 
mpossible to estimate the amour of dithiocarba- 
critical in evaluating the results of this method 


ilways preferable 





Conductivity in ohm”! 





Alcoholic iodine (cc) 





CONDUCTOMI 


Dithiocarbamates 
treated 


when they ar 


holic iodine is especially « 


action for zin 
takes place: 


R2NC(:S5)8ZnSC ( 


ZIN¢ 


rrit 


dibutyldithiocarbamate 


DIBUTYLDITHIOCARBAMATI 


Ay 


Av 


luctom 
added portion 
Q° ¢ the cond 
il the 


eur 


i con 


BOOT “iii 


re Ba) 
pdine CHUBCS =k 
mental titration 
the end point, an 
Table \ vives 


irt 


the 


yu 
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rITRATION OF DITHIOCA WITH IODIN} 


ling a 
with 
ad tl 


re 


are easily oxidized orrespom . 


Oxid 
We 


lOHOWINE 


with common oxi ition 


lear-cut and also qua studi 


where the 


SNR 


2! 


\ 


LivRa 


TABLI 
(MW 


ru IopmINnt 


1.92 
1.90 
1.04 
1.90 


0.1 N 


1.92 


0.97 


0.99 
0.99 


0.1 N 
0.985 


0.95 . 
ADO. 
0.93 honed 


0.94 


4 
G4 


U6 


0.01 


Qs 


OS 
4 
O4 


0.01 


olution 
rises slowl 
irbamate 18 OX 

rise of conduc 
Here again the 
unt of consun. 
titratio! 


50 cc. 18 


11io 
ol 


about 


resuits these 


ate 


if 
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ADDITIONAL METHODS FOR THE DETERMINATION OF CARBAMATES 


It should be mentioned here that dithiocarbamates can also be determined 
olorimetrically. To accomplish this, one makes use of the copper salts, which 
ire soluble in some organic solvents, forming yellow to brown solutions. We 
checked the validity of this procedure 

The dithiocarbamates are, as already mentioned, extremely susceptible to 
attack hy OXIGIZINg age nts These disc olor the highly colore d solutions of the 
pper dithiocarbamates by formation of the thiuram disulfide We therefore 
d not use either tetrahydrofuran, or even dioxane for the colorimetric analyses, 
since these solvents might contain pe roxides that would cause the colored solu- 
tions to fade slowly We found that it is possible to precipitate a copper 
dithiocarbamate from its aqueous solution by adding small amounts of water- 





E 
£ 
° 
c 
ony 
> 
= 
U 
> 
a) 
c 
° 
U 











Copper sulfate solution (cc) 


te etr titration of 


te im the 


solvents, e.g., acetone The precipitate is filtered off and dis- 

icetate while still moist This solution is used for colorimetric 

cause of the intense colors of these solutions, even minute amounts 
be determined by this method 


onductometric titration of dithiocarbamates, and of course also by 
’ 


ilysis, only the sum of carbamates present can be determined 


i mixture of carbamates would have to be supplemented by a 


The analyses ol 
quantit itive determination of the amil I 


ivdroc hlorides whi h are formed by 
cleavage We shall discuss later how the potentiometric titration together 


with the conductometric titration can help us here 


CONDUCTOMETRIC Di ERMINATION OF TETRAMETHYLTHIURAM DISULFIDI 
Titration with copper sulfate in the presence of hydroquinone Copper sulfate 


idded to a solution of tetramethylthiuram disulfide in aqueous acetone reacts 


slowly with formation of a dark brown precipitate. This precipitate is the 
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copper salt of the corresponding dithiocarbar 
tation occurs considerably faster in the preset 
precipitation of the dithiocarbamate under 
even at low temperatures. This reaction 
metric titration of a thiuram disulfide 
In Figure 4 experimental titration curves 
thiuram disulfide is present the conductivity | 
copper sulfate solution. As soon as all the | I | 
dithiocarbamate, the conductivity rises considerably more slowly 


I 


stant if the amount of acetone is relatively hi Here 


again 
obtained. Their intersection gives the end point and the amount 
sulfate consumed 

The slope of the curve can be interpreted by the assumption that hydro 
quinone is able to reduce the disulfide. There is always enough free dithi 
carbamic acid in solution to exceed the solubility product of the copper salt 
the hydroquinone produces more free dithiocarbamiec acid from the disulfide 
BO ON. The hydroquinone obviously 1s transformed into quinone This can be 
recognized from the green color of the solution (quinhydrone) after complet« 
precipitation and settling*of the"precipitate’. The following reaction is prob 
able. 


R:NC(:8)88C(:8)NR,z + Cutt + SO, 


HO 
> > 


t2NC(:8)SCuSC(:8)NR, + 2 H* 


The steep slope of the first part of the titration curve is caused by protons 


yi v© 15 ICSS 


which are liberated during the reaction. The second part of the cur 
steep since it is caused by an excess of copper ions, which are much less con 
ductive than protons 

Although too little thiuram disulfide is gene 
18 reproducible As little as 0.6 mg. of disulfide 


mined with an accuracy of minus 2 per cent (Tab! is advisable to 


duct the titration at moderate temperatures, e.g The deter 
tion of thiuram disulfide in the presence of dith 
later section 


OTHER METHOD 


It is known that tetramethylthiuram dis 


nide® according to the following equation 
RN )Ss¢ NR, + Ke 


Our observations indicate that this reac 

inalysis of thiuram disulfides. The followi 

of the tetramethylthiuram disulfide in dilute 

of potassium cy anide and let react for a shor 

which has been formed and which interferes 

determination of potassium cy: 

unreacted potassium cyanide is back-titrat \ 
nitrate. The thiocyanate also present in the solution does not interfer 
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TaspLe VI 


TITRATION oF TYTRAMETHYLTHIURAM DISULFIDE WITH 
Corrern Sutrare (MW 240) 
f =i 
0.004 100 
100 
1.00 


ol mean 4 


2.00 
2.00 
2.00 


1 Of mean 


0.001 1.00 
1.00 
1.00 


Deviation of mean vi 
0). 0005 YS O.O1 N 5.00 


5O 


2 
2.50 


1s . 
12 4) 02 N 


ol mean vi 


0.0002 1.08 2.00 
1.96 0.01 N 2.00 
1.97 2.00 


De Viati of mean 


0.000) 1.00 
O01 N 1.00 
1.00 


Dev on ol mean vz 


0.00005 1.00 
1.00 
1.00 


On Of Mean 4 


the titration. During all these steps it is ne: iry to exclude bon dioxide 
Vhich liberates hydrocyanic acid trom Ii ¢ vanide brie I I! by le ads 


to errors Details concerning this method will reported later 


CONDUCTOMETRIK PITRATION Of} t(AMETHYL MONOSULFI 
WITH COPPER 


It has been shown previously that it is possible to transform thiuram disu] 
ilso tetrasulfides with potassium cyanide into the corre sponding mono- 
ulfides Since it is possibl to separate the monosulfides with a suitable solvent 
from the excess potassium cyanide and from potassium thiocyanate, the deter 
mination of the different thiuram monosulfides he« omes of real interest How- 
ever, we have found that their quantitative analysis is far irom simple 
Tetramethylthiuram monosulfide also reacts with copper sulfate, and, in this 
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Conductivity in ohn”’ 











Sodium hydroxide solution (cc) 
¢ titration of 4.44 
odium hydrox 


Tasie VII 


TITRATION OF MERCAPTOBENZOTHIAZOLE WITH 
Sopium HypRroxIpE SOLUTION 
A 


t of ‘ et 


NaOH cor i t 


med 
1.98 
4.92 70.1 A 


5.02 


50 
500.1 AN 
ay) 


Ve) 


ZA) 
2.00 
Z00 
Z00 


ol mean vaiue 


2.15 2.00 
2.07 2.00 
2.05 0.01 . 2.00) 
2.00 2th) 
2.09 200 
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case, hydroquinone apparently does not influence the reaction to any marked 
degree. In this case too a dark brown flocculent precipitate is formed. We 
investigated the applicability of this precipitation reaction to the conducto- 
metric titration of monosulfides 

The shape of the curves for these titrations is similar to that of the curves in 

ure 4, but the results fluctuate considerab] It seems that the temperature 
at which a titration is carried out has an influence on the results. It has also 
been observed that monosulfide solutions undergo slow changes which influence 
the reaction with copper sulfate. We are now studying these conditions 


CONDUCTOMETRIC TITRATION OF MERCAPTOBENZOTHIAZOLE 


Titration with sodium hydroride.—Mercaptobenzothiazole as a weak weak 
id forms with bases the corresponding salts. The reaction can be utilized 
or conductometric titrations, as shown in Figure 5. If a solution of mercapto- 








-] 
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alee 
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c 
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> 
- 
uU 
2 
©] 
Cc 
° 
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lodine solution (cc) 


etric titration of 0.835 mg. mercaptobenzothiazole 


wit ai wot ite ition 


benzothiazole is titrated with standard sodium hydroxide solution, the con- 
ductivity rises at first in «a linear fashion as the sodium salt of the mercapto 
thiazole is formed. When the neutralization is complete, excess hydroxyl] ions 
in the solution cause a much faster rise in conductivity Here again the inter 
section of the two lines gives the end point of the titration From the amount 
of alkali consumed the amount of mercaptobenzothiazole is calculated. The 
ery accurate results obtained by this method are given in Table VII. 
Titration with todine solution Through the action of alcoholic iodine 

mercaptobenzothiazole forms the disulfide in the same manner as dithiocarba 
mates form the respective disulfides The following reaction occurs 


yA | »>S8-C,.H,N:CSSC:N-C,H,-S + 2HI 


" ° 14 j 
it is seen that in this case protons*should be liberated and that these would 
cause a much faster rise of conductivity than in the case of the titration of 
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carbamates with iodine solution. Actually the titration diagram of Figure 6 
agrees with this. As long as benzothiazoly! disulfide is being formed, the con 


ductivity rises rapidly. It becomes practical! 
of iodine is present thus indicating the end of the reaction This method of 


constant as 800N aS an excess 


analysis of mercaptobenzothiazole is accurate, as proved by the results in 
Table VIII. 

The addition of copper sulfate solution to a solution of mer aptobenzothi 
azole forms a yellow precipitate of the copper salt of mercaptobenzothiazol 


TasLe VIII 
TITRATION OF MERCAPTOBENZOTHIAZOLE WITH IODINE 


Amount Amount of Theoretical 
ised iodine con amount of 


(mg sumed (ce lodine 


33.4 1.08 4.00 
1.08 0.05 N 1.00 
3.92) 4.00 


Deviation of mean value 


2.00 
2.00 


Deviation of mean value 
1.02 1.00 
1.04 0.05 N 1.00 
1.02 | 1.00 
Deviation of mean value 
5.96 100 
1.00 0.005 N 1.00 
1.00 1.00 
Deviation of mean 
2.02 2.00 1.0 
2.00 0.005 N 2.00 0.0 
2.03 } 2.00 1.5 
Deviation of mean value 0.83 
1.02 1.00 2.0 
1.00 0.005 N 1.00 0.0 
1.00) 1.00 0.0 


Deviation of mean value +-0.67 


This precipitation reaction can be utilized in two ways the solution of me 
captobenzothiazole is titrated directly, the titration curve is similar to thos 


Figure 4. As long as any copper salt is precipitated, protons are liberated 
these cause a fast rise of conductivity, while an excess of copper sullate ¢ 
recognized by the much slower rise in conductivit If the titration is « 
out in the presence ol sodium acetate, acting as a buffer, a titration curve 
to the curves in Figure | is obtained. The results of this titration are given 
Table LX 

It can be seen that at high concentrations t " . subje ct to rathe 
high negative deviations; however, the results become better with decreasing 
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mounts of mercaptobenzothiazol The obvious inaccuracy of this method 


emphasizes the advantage of titrating with sodium hydroxide or al oholic iodine 


POMETKIC PITRATION 


iphenylguanidine in Wi is o-tolylbigt ( is conveniently 


conductometric method : titration cur are giv 


represent the expected 


are formed, @ moder 
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Conductivity in ohm”! 





Hydrochloric acid (cc) 





iuctometric titration of 84.44 
with hvycdr ‘ ‘ 


TasBLe X 
TITRATION O-TOLYLBIGUANI 
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benzothiazoly! disulfide (the faster rise in conductivity is due to the liberation 
of hydrogen ions), and Section 3 indicates the excess of iodine. The two inter- 
sections can be used for the determination of meri aptobenzothiazole and dj- 
thiocarbamat This proc edure however, aiways leads to the deter tion of too 
much dithiocarbamate and of too little mercaptobenzothiazole, while the deter- 
mination of either compound alone gives acceptabl results We assume that 
the hydriodic acid formed along Section 2 18 able to decompose the disulfide. 


Taste XI 


TITRATION oF DipHENYLGt ANIDINE WitrH Acrip 


LN He 


1.00 
0.1 N 1.00 
1.00 


1 of mean value 


3.00 
3.00 
5.00 


Deviation of mes 


2.00 
2.00 
2.00 


Viation of me 


1.00 
1.00 
1.00 
1.00 


‘Viation of mes 


5.00 
0.01 A 5.00 
5.00 


‘viation of mes 


1 8S 2.00 
| 
1.91 01 A 2.00 


Therefore a larger amount of iodine is consum ian would be necessary for 
oxidation of the carbamati Despi ean-cut titration curve, a simul- 
taneous titration of the two compounds does n in exact result; however 
another proced ire 18 available 

The acetone-water solution of the two mpounds is titrated at 40° C with 
acid to determine the carbamate (Sections | ind 2 Following this titration 
the excess acid is back titrated wit] “I m hydroxide until the solution 18s 
slightly acidic ection nd TI ¢ solution is then titrated at about 
0" © with alcoholic iodine (Sections 1’ and to cetermine the mercaptobenzo 
thiazol ’ 8 cond ometric titration m “Ml has been studied with a solu 
tion of equimol mounts of mereaptobenzothiazole and cyclohexylethy! 
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-1 


Conductivity in ohm 











Alcoholic iodine solution (cc) 


Jitaneous 


ammonium cyclohexylethyldithiocarbamate Table XII contains the ex) 
mental] results, which evidently are quite satisfactory 


CONDUCTOMETRIC TITRATION OF DITHIOCARBAMATES AND THIURAM DISULFIDI 
POGETHER 


In a manner similar to the simultaneous determination of dithiocarbamate 
and mercaptobenzothiazole, it is possible to titrate conductometrically a solu 





Conductivity in ohm"! 











Hydrochloric acid and iodine (cc) 


luctometric titration of mig ¢ et 
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TasLe XII 


TITRATION OF THE CYCLOHEXYLETHYLAMMONIUM SALT oF YCLOHEXYLETHY! 
, 


DITHIOCARBAMATH 4) AND MERCAPTOBENZOTHIAZOLE (B) 


0 


0.0 
0.0 


0.0 


tion containing dithiocarbamate and thiuram disulfide The solution of the 


two in acetone-water 1s first titrated with acid to determine the dithiocarbamate 


A large part of the excess acid is then back titrated, hydroquinone is added, and 


the tl ram disulfide is titrated conductometricall wit! copper sullat Figure 


some titration curves obtained by this method: / ,, and 6 are curves 


iction of dithiocarbamate with acid, / , 2, and 5° those for thiuram 





Conductivity in cha®! 











Hydrochloric acid and copper sulfate (cc) 


tometr titrat ‘é 2 hie ‘ 
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laste XIII 


CoNnDUCTOMETRIC TITRATION OF DITHIOCARB AND OF THIURAM 
DisuLeipe with Hyprocnuvoric Acip AND CoPpPER 
SULFATE TOoGeTuEer 


Deviation ( 


f He 
O46 
0.96 -0.1 N 


O46 


2.24 
2.0 
2.0 


} + 
»O.OL N G9} OOOL A 
) 


1.02 
1.00 0.01 N 
1.02 


1.92 20 | large errors 
2.02 10 because of 
1.06 01 : , high concer 
1.94 ‘ 10 ‘tration of 
2.00 10) thiuram 
1.95 2.i 13) disulfide 


4 
0.005 N 6 
6 


disulfide with « opper sulfate Table XIIT 1 ults of the titrations It 
should be noticed that with dithiocarbamate deviations of the results from 
the theoretical values are within the usual limits, while with thiuram disulfide 
especially if present in relatively large amount he discrepancy is significant 
It should be pointed out, however, that conducto titrations tend to be 
come more accurate with decreasing concentrations of the material being 
analyzed Actually the results of the thiuram disulfide analyses are somewhat 
more satisfactory at lower concentrations (Table but ag results for 
dithiocarbamate are generally low Adequat ro the simultaneous 
titration of dithiocarbamate and thiuram disulfide wail obtain 

small amount of thiuram disulfide is present 

solution containing dithiocarbamate and thiuras 


with copper sulfate 
The titration curve Nn t} Is Ch 


Pante XIN 
Conpuctromerric TITRATION OF THE CYCLOHEXY ) 
HEXYLETHYLDITHIOCARBAMIC Acip (A) AND ot rRAMETHYLTHIURAS 
(4) Toceruer 
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sulfate solution char he conductivity only slightly as long as 


formed iro! soluble dithios irbamat« How- 


pper dithiocarbamate is being 
the conductivity rises considerably faster as soon as copper dithiocarba- 


mate is formed from thiuram disulfide, because in this case hydrogen ions are 


liberated Table XIV shows some analyses of this type 
The analysis of a relatively large amount of thiuram disulfide (24 mg.) is 


rather inaccurate, whereas the soluble dithiocarbamate is determined from the 


first break in the titration curve with an error of only 3 per cent This conduct- 


pre fer the method 


ometric titration requires some experience and therefore 


used for the results in Table XIII 


we 
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NbDt rPOMETKHIC rITRATION OF DIPHENYLGUANIDINI 


MERCAPTOBENZOTHIAZOLI POGETHER 


The use of a mixture of mercaptobenzothiaz elera s common 


Therefore the simultaneous determin mes of 


mportance If the molar irger than 
that of the mercaptobenzothiazol 
with alkali will gi he up} . on in Figure 
ne // the diphenyl- 


solution 


with acid and subsequent! 
1] Along line / the tres diphen iwuaniadine 
yuanidine linked to mercaptobenzothiazole are transformed by the acid into 


- 


diphe ny lwuanidine 


hydrochloride: line [11 indicates the presence of an excess of 


titrating solution 
Hence only : yle titration with acid is required for the determination of 


both compoun ven when free diphenylguanidine is present; from line // 
the mercaptobenzothiazole is determined, from J and // the diphenylguanidine 
Table XV (experiments 1 to 4) lists the results of such titrations. In these 
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) 


experiments the molar ratio of the compounds was 2:1. It is evident that th 
break in the titration curve between / and // is not very sharp at low concen 
trations. In such a case only diphenylguanidine is determined, and the deter 
mination of mere iptobe nzothiazole must be performed by another method If 
the concentrations are equivalent, however, (1, 2, and 3), the results are accurate 
enough, as indicated by column 7, Table XV. The amount of diphenylguanidine 
found from the sum of the acid consumed along lines J and // in Figure 1] 
checks very well with the theoretical amounts 

If the acidic solution, now containing diphet guanidine hydrochloride and 


tres mercaptobe nzothiazols is subsequently titrated with sodium 


hydroxi 
(Figure 11, curve /) the excess acid is neutralized, causing the conductivity to 
fall along line JV Soon a sharp break occurs in the titration curve and, whil 


the conductivity rises again, the mercaptobenzothiazole is transformed into its 


sf wn 
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sodium salt (line J Finally, the diphenylguanidine is liberated from its 
hydrochloride along line VJ, and line V/J indicates the presen Kcess alkali 
This leads to the conclusion that quantitative anal . i diphe nyiguanidin 
and mercaptobenzothiazole is possible by conductometric titration in acid sol 
tion with sodium hydroxide The results are listed in Table XV, columns 
ind 7 Here again it is found that the percentage d itions are within toler 
ible limits, as long as the concentrations are high 10 eg., 1O mg. in 30 ce 
while the results fluctuate to a higher degree at lower concentratior In that 
case the break between lines V and VJ become woorly defined that only the 
sum of diphenylguanid ind mercaptobenzothiazole can determined 

The analysis is somewhat different if an excess of m iptobenzothiazol 
iS present ] xperiments 5 tos, Table X\ Here all iphen guanidine is com 
bined with mercaptobenzothiazole, and therefore titration with acid determines 
only diphenylguanidine as in sections I and II of group (2) in Figure 11. It 
can be seen from Table XV that the results are very accurate even at low con 


centrations 
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During the subsequent titration with sodium hydroxide, the conditions are 


generally the same as in k:xperiments 1 to 4. However, the break between sec- 
tions V/ and V// is often so poorly defined that a determination of the sum of 
mercaptobenzothiazole and diphenylguanidine is out of the question. On the 


other hand, it is possible to determine mercaptobenzothiazole along section V 
if the concentration is not too low. In the presence of too small amounts of 
mercaptobenzothiazole, larger errors are likely, since in this case too the break 
between V and VJ is usually only poorly defined. Accordingly analysis of 


Pante XVI 


CONDUCTOMETRIC TITRATION OF CYCLOHEXYLETHYL-AMMONIUM SALT oF CycLo 
HEX YLETHYLDITHIOCARBAMIC Acip (A) AND OF DIPHENYLGUANIDINE (1) ToGeTHER 
Theoretical amount Amount of H¢ Deviation of 


ounte used (mg of HCI (ce consumed (cc ean value 


BK A+B A B A+B K 
21.11 54.15 2.00 1.00 3.00 1.10 
1.20 

HC] O.1 AN 0.90 


6.608 


mercaptobenzothiazole and diphenylguanidine together by conductometri 
titration is practicable within certain limits. With suitable molar concentra- 
tions of the two compounds the results are always satisfactory 


CONDUCTOMETRIC TITRATION OF BASIC ACCELERATORS 
IN THE PRESENCE OF CARBAMATES 


The excellent conductometric titration of diphenylguanidine and o-tolyl- 
biguanide makes it possible to determine quantitatively carbamates in mixtures 
containing them. Initially diphenylguanidine plus carbamate is determined 
by titrating with hydrochloric acid. If the concentrations are comparable, a 
titration curve like those in Figure 12 is obtained. ‘Two breaks occur, the first 
one at the end point of the neutralization of the diphenylguanidine, the second 
one at the end of the carbamate cleavage In principle it should be possible to 
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letermine both compounds by 


ilorie acid Unfortunatel 
Especially in the 


ducible | 
defined that the analysis is |! 
tion of the two compounds 
titration 
In the case of relatively low concentrat 
tis! 


curves of Figure 12 is not sharp anywa 


be determined separately by the potentiom« 
he presence of a carbamate 


shown that in the 7 
APPARATUS AND 
For measuring the conductivity, two t 
LBR conductivity tester ind a Jander-P 
The LBR type of instrument works 
a built-in gener 


bridge and is operated by 
| to 2,000,000 ohms \ 


ing range covers | 


cator This makes possible a fast 


minimum 
The Jander-Pfundt tester uses ordinary alternating nt (50 cycles /se 
nometer he ¢ lard resistance 


is a built-in a.c.-galvai 
Together with a voltage 


and 


The zero-indicator 
are 100 to 5000 ohms 
this hookup make s possible accurate conductomet 


We used standard solutions of the compound 
transierred to 


volumes of these solutions were 
diluted with aqueous acetone Care was taken 
to prevent a precipitation of the 
cell was 30 to 50 c« 


materials to be 


solutions in the conductivity 
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URETHAN RUBBER FROM A POLYETHER GLYCOL. 
PROPERTIES OF RAW POLYMER AND 
VULCANIZATES * 


BB. Hint, C. A. Youna, J. A. NELSON, AND R. G. ARNOLD 


Det 


In recent yea the synthesis of polymers by reacting organic diisocyanates 
vith compounds containing two or more active hydrogens has been studied 
extensively. Much of the pioneering work on the chemistry of organic poly- 
isocyanates and their reaction products was carried out by Du Pont chemists! 
The products were fibers, elastomers, and plastomeric solids In Great Britain, 
research of the Imperial Chemical Industries, Ltd., was directed toward the 
reaction of polyesteramides with organic diisocyanates to produce vulcanizable 
polymeric plasticizers, designated Vulcaprenes?. In Germany, Bayer and co- 
workers ce vi loped the elastomer known iis Vulcollan® through the if study ol 


the reaction of polyester glycols with organic diisocyanates 


Recent 
lated by the commercial availability of a number of polyisocyanates. An 


interest in isocyanate-based addition poly me rs has been stimu- 


elastomer, Chemigum-SL polyester-urethan, was announced by the Goodyear 
Tire & Rubber Company in 19534 goth Vulcollan and Chemigum-SL are 
addition polymers of polyester glycols and organic diisocyanates and both ex- 
hibit outstanding toughness and abrasion resistance relative to GR-S or nat- 
ural rubber Adiprene-B urethan rubber is a new addition polymer. It 
differs from other diisocyanate elastomers in that its polymeric segments are 
iliphatic polyethers rather than polyesters. Adiprene-B is a distinctive elasto- 
mer which combines in a single product high strength, abrasion resistance 
ind ozone resistance, and excellent low-temperature properties 


ADIPRENE-B URETHAN RUBBER RESEMBLES 
COMMERCIAL DIENE HYDROCARBON POLYMERS 


Adiprene-B t transparent amber-colored polymer, with a density at 
rature of 1.07 grams per ce It is stable to chemical change during 
tendency to freeze even after prolonged exposure at 

iscosity of th iivymer, measured in a Mooney vis 

th: ni f GR-S 1500 or natural rubber 


and can be worked easily on large or small rubber: 
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In contrast to the familiar hydrocarbon elastomers, Adiprene-B is a polar 
material Although polar in character, it is not notably more h 


ygroscopic than 


conventional elastomers 


Elastome 
Adiprene-B 0.9 
Natural rubber (smoked sheet) 0.4 
GR-S 1500 0.07 
Neoprene Py pe GUN 0.06 
Because of its polar nature, it is soluble only in certain polar solvents and is 
resistant to the action of hydrocarbon solvents and oils. Solubility data for 
Adiprene-B “ure 


letrahydrofuran 

Plus 1.0% water 

Plus 5.0%, water 

*lus 20°, dimethylformamide* 
Dimethylformamide 


oi 


The intrinsic viscosity of Adiprene-B measured in a mixture of tetrahydro- 
furan and dimethylformamide (87/13 by volume) is about 0.80, corresponding 
to a molecular weight of about 30,000 


VULCANIZATION ACCOMPLISHED BY HEATING 
WITH DITSOCYANATE CURING AGENT 


The transformation of raw Adipre ne-B to the elastic state is accomplished 
by heating with a diisoeyanate curing agent The structure and chemical 
activity of the curing agent are important since they are primary determinants 
governing processing safety and vulcanizate physical properties.  !n addition 
such factors as toxicity, volatility, storage stabil ind ultimate cost must be 
considered. Adiprene-B has been cured with a variety of organic diisocyanates 
representing different structural types as foll 

Toluene-2,4-diisocyanats 


j Viethoxy m phen lenedi 


I 


14 Biphenyldiisocs yvanat 
s’- Dimethoxy-4,4’-biphes 


) 
” 


1,4’-Methylenediphenylisor 
i yl 


enedi-o-tol vlisoc 


j Meth» 


Vanats 


compounds, 4,4°-metl 
eth vlearbanilide 


muiproinise ih 
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s00% M 


mixed with curing agents, fillers 
Compounded stocks are shaped 
uleanized in standard molds since 180- 
portant that stocks be kept dry until they are 
ires of 100° to 150° C Curing 

preferred conditions for molding 
ing agent with Adiprene-B does not go to 
Vulcanization is completed by storing 
to 14 days The rate of the iftercure”’ 


a\ 
Figure | shows the effect of room tem- 


humidity on the modulus of a vulcani- 

le strength, compression set, and resilience 
smaller degree Therefore, our test proce 
inizate at 50 per cent relative humidity for 14 


yroperties 1s made 
ration on a number of vulcanizate proper- 


3'-Diisocyanato-4,4'-dimethylearbanilide 


Y a 
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ring agent 


The composition was cured 15 minutes at 134° C 
Figures 2 an show that the hardness and modulus rise steadily as the 
concentrate ring agent is increased The tensile strength at 25° and 
70° ©, how maximum at four parts of curing agent 
Figure id F . ighest Yerzley resilience 


of the curing ayent he | 


as shown by 
is obtained with 4 to 6 parts 
owest compression set is obtained with h parts, 48 


illustrated by Figures 6 and 7, respectively 


CURED ADIPRENE-B HAS GOOD TENSILE STRENGTH 
AND ABRASION AND SOLVENT RESISTANCE 


Vulcanizats ol Adiprene-B cured with 3,3 -dusocyanato-4 1’-dimethyl- 
carbanilide or 4,4’-methylenedi-o-tolylisocyanate (Table I) have high tensile 
strength, exceptional abrasion resistance, and a unique combination of low- 
vent resistance The 
tics and hardness of gum Adiprene-B 
pol diene elastomer | 


temperature flexibility and sol stress-strain characteris- 
vulcanizates are similar to those of a 
mded with a reinforcing fille: 


"ADIPRENE” 8 
3 3'— DIISOCYANAT 
4,4'— DIME THYLCARBAN 


CURED 15 MIN 





POLYURETHAN FROM A POLYETHER GLYCOL 


TasLe | 


PROPERTIES OF ADIPRENE-B Urneroan Runper VULCANIZATES 
(Test procedures : ASTM Standards, Part 6, 1952) 


Adiprene-B 
3,3’- Diisoeyanato-4 4’-dimethylearbanilide 
4,4’-Methylenedi-o-tolylisocyanate 
EPC black (Wyex 
HAF black (Philblack-O 
Conductive channel black (Spheron-N 
Surface-esterified amorphous silica 
Cab-O-Sil flame silica 
Cure, 134° C (mir 


Stress-strain at 25° © in air 
odulus at 300% b./aq 

Tensile strength (lb./sq. inch 

Elongation at breal 
Stress-strain at 70° C in water 

Modulus at 300% (it 

Tensile strength t 

Elongation at break 
Shore hardness 
Yerzley resilience (% 
Compression set¢ “ y 
Bureau of Standards 100-600) 
Hand tear 
Volume increase 

n water, 6d 

In ASTM 8 
Du Pont solen 


“hore hardness 


* ASTM Method 
ASTM Desigt at 


In contrast to the polyester-urethan rubber Adiprene-B can be reinforced 


with carbon blac ks or silicas (Table | to improve the hot tensile atre neath 


abrasion resistance, and tear strength. These improvements are accompanied 


by a sacrifice in resilience, hardness, and compression set 

Vul anizates having ( xceptional tear resistance are obt uned with certain 
reinforcing fillers such as conductive channel blacks (Spheron-N finely 
divided surface esterified amorphous silica, or Cab-O-Sil flame silica (Godfre 
L. Cabot Co The force required both to initiate and propagate tear is hig) 
In contrast with natural rubber vulcanizates, which owe their tear propagation 
resistance to “knotty”’ tear a change in tear directio | 13 l ni 
zates tear in a straight line 

Adiprene-B gum and silica-reinforced 


TABLI 


Properties oF AGep ApipreENeE-B Urnern RUBBER 


(Cured for 20 minutes at 134° C with 6 parts « 
dimethylearbanilide per hundred of polymer After aging 
were dried conditioned for 2A hours it of) 


and tested at 25” ¢ 


Control 

Water at 25 

Water at 70° ¢ 

Water at 100° ( 

Oxygen bomb (21 days at 70 
Dry air at 121° C (14 days) 
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thin films are colorless. When such compositions contain oil-soluble dyes, the 
vulcanizates are clear and brightly colored 

The thermal, hydrolytic, and oxidative stability of Adiprene-B vulcanizates, 
illustrated in Table II, is similar to that observed for other urethan rubbers‘ 
Vulcanizates containing carbon black show the same percentage loss of tensile 
properties a6 gum vulcanizates when subjected to such accelerated aging tests ; 
however, the sunlight and weather resistance is improved. Gum vulcanizates 


possess excellent ozone resistance, and show no change in appearance after 120 


hours’ exposure to an atmosphere containing 100 p.p.m. of ozone, 
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URETHAN RUBBER FROM A POLYETHER GLYCOL. 
FACTORS INFLUENCING PROCESSABILITY * 


J. S. Ruaa anno G. W. Scort 


E. I. pv Pont pe Nemovrs & Co., Witminoron, Detawane 


Processing studies of Adiprene-B urethan rubber have resulted in an under 
standing of a number of the factors required for processability. This report 
describes these findings in terms of: 

1. Characteristics of the polymer that influence processing 

2. Principles of processing 

3. Application of these principles to some practical aspects of processing 


CONTROL OF VISCOSITY AND TEMPERATURE 
IS IMPORTANT IN PROCESSING 


Equipment and Procedures.—Plasticity measurements were made with both 
the Williams parallel-plate plastometer according to ASTM Method D926-46 
T', using onion skin paper instead of holland cloth and the Mooney viscometer 
according to ASTM Method D927-47 T', using the small rotor Williams 
plasticity and recovery measurements were made at 80° C. The Mooney vis 
cosity values reported were obtained after 4 minutes’ shear unless otherwise 
noted. Special Mooney viscosity determinations were made using the modified 
equipment described. Mooney scorch determinations were made according to 
ASTM D1077-49 T. The temperature of the test was 121° C, unless otherwise 
shown. The minimum value and the time required for the viscosity to rise 10 
units above the minimum were recorded 

A 14 X 30 inch two-roll rubber mill and a 6-inch Royle extruder with an 
18-inch tread extruding head were used extensively throughout this work 
Extrusions were run at a screw speed of 18 r.p.m. with a head temperature of 
90° C and barrel and screw temperature of 20 to 25° C 

The natural rubber used for all comparisons was smoked sheet. All poly- 
mers used in plasticity comparisons were milled 15 minutes on a 6 & 12 inch 
mill having 15° C water circulating through the rolls 

Viscosity and Plasticity —Mooney viscosity and Williams plasticity teste 
are widely used to estimate the ability of elastomers to flow and retain shapes 
These properties of Adiprene-B are compared with natural rubber and GR-S 
1500: 


Smoked GR- 
i sheet 1500 


Mooney viscosity (MS-4/100° C) 65 25 40 
Williams plasticity and recovery at 80° C 390-55 160-50 130-87 


Examination of these data might lead to the conclusion that Adiprene-B is 
very difficult to process because of its high Mooney viscosity and Williams plas 


° Reprinted from Industrial and Engineering Chemistry, Vo No. 6, pages 930-033, May 
Chis paper was presented before the Division of Rubber Che ry of the American Chemica ‘ 
ite meeting in Detroit, Michigan, May 4-6, 1955 
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ticity. Actually, this is not true, since Adiprene-B bands readily on a mill and 
shows smoothness comparable with natural rubber 
Thermoplasticity.—Adiprene-B does not break down during milling under 
conditions usually used to break down other elastomers. It softens but under- 
goes no permanent change in plasticity or Mooney viscosity. The high vis- 
cosity of the polymer causes rapid heat generation during milling, which in turn 
produces rapid softening and smooth-out on the mill. The ease of milling sug- 
gests that the polymer is thermoplastic. The influence of temperature on the 
flow characteristics of compounded Adiprene-B is shown in Figure | 
Adiprene-B is very thermoplastic between 80° and 100° C, but at higher 
temperatures, up to 121° C, it is relatively nonthermoplastic Above 121° C 
a pronounced change in apparent viscosity and plasticity occurs, suggesting a 
change in flow characteristics. Natural rubber is relatively nonthermoplastic 
in the temperature range studied. Adiprene-B and natural rubber are similar 
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I ant it 
in their response to temperature within the temperature range normally en- 
countered during processing (100° to 121° C), and they behave similarly during 
milling 

Investigation of the change in viscosity above 121° C revealed that this cor- 
relates with observed differences during milling. The optimum processing 
temperature range for compounds of Adiprene-B is 100° to 121° C. Higher 
temperatures produce a very marked deterioration in appearance and handling 
characteristics During milling at temperatures within the optimum range a 
very smooth plastic sheet is obtained, whereas above 121° C the stock becomes 
rough, granular, and discontinuous. This effect is reversible and appears to 
depend on temperature Return to a lower stock temperature brings back a 
smooth plastic sheet The temperature at which this occurs is called the 
apparent transition point 

Apparent Transition Point.—The influence of temperature on this transition 
point was studied by measuring Mooney viscosity as the sample temperature 
increased continuously from 70° to 150° ¢ [It was postulated that when the 
temperature rose to the transition point, the polymer would crumble and tear 
around the rotor, which in turn should cause the slope of the temperature-vis- 
cosity curve to dect narkedly, The break point in the curve is believed 
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to be indicative of the transition This test is run using a small rotor 


starting temperature of 70° C The test-specimen is pl lin the machine and 


readings are taken until a constant viscosity is obtained. Then, with the ma 
chine running, the platen temperature is increased to 175° ¢ As the 


! 
ti 


pectiine 
temperature rises, viscosity readings are recorded at each 5° C rise in 


I SILIri pic 


temperature, measured by a thermocouple imbedded in the specimen. Th 
data are shown in Figure 2 for a gum stock and one plasticized with a liquid co 
polymer of butadiene and acrylonitrile 
These data confirm the hypothesis by the presence of a definite break in the 
temperature-viscosity curve which correlates with the temperature at which 
the transition is observed during milling 
The presence of the plasticizer increases the transition temperature 


about 120° C in the gum stock to about 150° ¢ \ transition temperature 
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above normal operating temperatures is necessary to ensure smooth troubl 
processing. A more complete study of this phenomenon is continuing 
the Mooney viscometer 
Thizotropy.—Processing observations indicate that Adiprene-B shows 
different response to temperature under shear than it does in a static stats It 
appears to be less plastic under static conditions than under dynamic conditions 
compounds flow better during extrusion than they do in a relatively stati 
state, as molding In addition, better molding is often obtained at a low tem 
perature, e.g., 90° to 121° C, than at higher temperatures. This suggests that 
Adiprene-B is thixotropic, and its flow characteristics change with rate of she 
Thixotropy of liquids is easily identified by viscosity tests at increasing 


ig and 


decreasing rates of shear, using an instrument such as the Brookfield viscometer 
Viethods ol measuring thixotropy in solid peo mers I not 
method was devised to measure the Moone) 


common, <A 
rious rates of shear 
by using a machine having variable rotor speeds similar to those reported b 
Decker and Roth In this modified machine 

rate of shear relative to the die surface als 


speed ine! 
»> ihe! 
By analogy with the flow curve of a thixo 


versus increasing and decreasing shear rate for 
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displaced and have the appearance of a hysteresis loop with the curve for de- 
creasing speed showing lower viscosity. Experiments were made with Adi- 
prene-B and other elastomers, using the small rotor at 100° C starting at 0.1 
r.p.m. When a constant-viscosity reading was obtained, the speed was in- 
creased to the next increment and held until the reading again became constant. 
This procedure was continued until a maximum speed of 20 r.p.m. was reached, 
after which the speed was reduced in a similar stepwise fashion until the slowest 
speed was reached. The speeds used were 0.1, 0.5, 1.0, 2.0, 4.0, 10, and 20 r.p.m. 

The results of a comparison of milled smoked sheet and Adiprene-B using 
this procedure are shown in Figure 3. 

The curves of viscosity for increasing and decreasing rotor speed are of the 
same general nature but widely separated for Adiprene-B and close together for 
natural rubber. Both elastomers show a characteristic plastic flow curve, but 
Adiprene-B has a higher yield point. These data indicate that Adiprene-B is 
more thixotropic than natural rubber. Practically, this means that processing 
speed affects both polymers similarly, but Adiprene-B is more viscous at all 
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speeds, and continuous working reduces its apparent viscosity and tends to 
improve processing. The viscosity of Adiprene-B at the lowest speed is higher 
than the viscosity of natural rubber at the highest speed tested. 

Nerve.— Recovery from deformation, commonly called nerve, is an impor- 
tant indicator for processing smoothness and dimensional stability of processed 
compounds. Attempts to judge nerve by Williams recovery led to a conclusion 
inconsistent with experience. Conventional Williams recovery values, at 100° 
to 121° C, are high, yet in actual processing at these temperatures, stock shrink- 
age and smoothness are at least equal to other elastomers. It is believed that 
the poor correlation of Williams recovery data with processing experience is due 
to the stiffness of Adiprene-B which resists compression of the pellet during the 
standard Williams test. A specimen compressed only slightly could be expected 
to recover more fully than one compressed to a greater extent. 

A test was devised which would avoid this difficulty by compressing speci- 
mens to 50 per cent deflection in ASTM compression set Method B clamps. 
Standard ASTM compression set pellets were cut from uncured sheets with a 
rotating die. The specimens were compressed for 3 minutes at the test tem- 
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perature, then released, and allowed to recover for 30 minutes at the test tem 
perature. Percentage recovery was calculated by 


tecovered height 
- _ - 100 © recovery 
Original height-compressed height 


A comparison of this procedure with the standard Williams recovery, using 
Adiprene-B and natural rubber, is as follows: 
Williams recovery Recovery after 


(0.001 ineh) 50% deflection 


Adiprene Smoked Adiprene Smoked 
KB sheet B sheet 
80° C 55 50 60 18 
100° C 125 12 38 49 
121°C 136 0 23 33 
150° © 114 0 6 9 


Adiprene and natural rubber are practically equivalent in percentage re 
covery or nerve when tested at equal deflection. This confirms processing 
experience. The conventional Williams recovery value is very high for Adi- 
prene-B and shows very little response to temperature, whereas natural rubber 
reaches the point of no recovery at 121° C. However, by the modified com- 
pression set test, both elastomers lose nerve as the temperature increases 
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Mooney viscosity was considered to be of more value in processing studies 
since it is a dynamic test rather than a static compression test, and it was used 
for most testing 

Scorch.—Scorching in elastomer stocks is a change from a plastic to an 
elastic state brought about by a reaction of the polymer and a curing agent 
Manifestation of scorch in Adiprene-B stocks is different than in other elasto 
mers. Stocks containing Adiprene-B and curing agent increase in 
during scorching until they are too stiff to process. They do not become lumpy 
and unmillable when partially cured or scorched. Instead, they become pro 
gressively tougher and more viscous while remaining processable even in an 
advanced state of scorch. 


Viscosity 
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Since scorching in stocks of Adiprene-B is mainly a change of viscosity and 
there are no « omplicating tactors like cured lumps to contend with, the Mooney 
scorch test is an excellent method for estimating the scorching tendency In 
addition to the usual 5- or 10-point rise, the low reading is also recorded, since 
it is an indication of viscosity and may be used to determine the state of scorch 
present in the stock at the beginning of the test 

Temperature and type of curing agent have a major influence on the rate 
of scorch of Adiprene-B. Figure 4 shows the influence of temperature and two 
curing agents on the scorch resistance of a gum stock 

Hylene-DMM _ = (4,4’-methylenedi-o-tolylisocyanate) is preferred ove 
Hylene-TU (3,3'-diisocyanato-4,4'-dimethylearbanilide) for processing because 
it is less scorchy 

The slope of the curve for 121° C is steeper than the one at 100° C. This 
confirms actual processing experience that temperatures of 121° C and higher 
sharply reduce safe processing time 


PLASTICIZERS REDUCE VISCOSITY TO DESIRED 
LEVEL FOR PROCESSING 


Processing stocks containing Adiprene-B is difficult when they become so 
viscous that they will not mill or extrude properly. It follows then that there 
is & Maximum viscosity above which a stock cannot be processed 

The viseosity limit depends on the machine to be used, i.e., extruder, 
calender, etc., and varies according to size, design, and condition of an individual 
machine. Typical values found for specific equipment are 


Maximum processing viscosity MS-4/121° ¢ 


lread extruder (6 inch) 60 
Conventional extruder (2 inch) 110 
Calender (12 inch) 150 
Mill (30 inch) 150 
Mill (12 inch) 200 


Iixtrusion is the most critical operation. Stocks which can be extruded can 
usually be processed by other methods with relative ease. Stock viscosity is 
influenced by two factors—compounding and scorching 

( ompounding with carbon black and plastic izers i8 a practi al means of 
varying stock viscosity over a wide range As in other elastomers, the use of 
carbon black increases the stock viscosity and makes processing more difficult. 
Therefore, plasticizers are necessary in most stocks to reduce the viscosity to the 
desired level for processing 

A liquid butadiene-acrylonitrile copolymer, available commercially as 
Hycar-1312, has proved effective for plasticizing Adiprene-B. Figure 5 shows 
the influence of this plasticizer in combination with EPC black on the Mooney 
viscosity of Adiprene-B. These data show the amount of plasticizer required 
with a range of carbon black loadings to yield any selected stock viscosity 

Fifteen parts of plasticizer is usually ample for most types of processing 
Phe use of larger quantities of plasticizer tends to affect vulcanizate properties 
adversely, as is true with other elastomers, 80 minimum quantities should be 
used 

Scorching increases stock viscosit Therefore, a slow rate of scorch at 
processing temperatures is necessary to keep stock viscosity within the process- 
able range. Scorch rate is influenced by the amount of curing agent and the 


compounding ingredients used. Figure 6 shows the influence of curative level 
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on the Mooney scorch rate at 121° C of a gum stock and a stock containing 
carbon black and plasticizer 

As would be ¢ xpected, the Moon y scorch rate increases as the quantity ol 
Hylene-D MM is increased, and use of the smallest quantity consistent with 
good vulcanizate properties is desirable. In most stocks, 2 to 3 parts of Hylen« 
DMM is optimum; however, for some uses up to 5 parts is warranted. The 
stock containing carbon black and plasticizer is more scorch resistant than the 
gum stock. This is of considerable importance in processing, since, by com- 
pounding to a lower viscosity, heat generation is reduced and this, coupled with 
a slower scorch rate, results in compounds capable of being processed unde: 


commercial conditions 


MAXIMUM PROCESSING TEMPERATURE SHOULD 
NOT EXCEED 121° C 
Influence of Viscosity on Processing Temperature.—The maximum processing 
temperature of stocks containing Adiprene-B should not exceed 121°C. Above 
that temperature, stocks may be granular and semielastic because of transition 
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The rate of scorch is also faster than at lower temperatures, and stocks reac h a 
maximum processable viscosity much sooner 
Processing temperature is a function of stock viscosity Control of stock 
iscosity 1s essential to maintain processing temperature below 120° ( 
Since extrusion is the most exacting of the common processing operations, a 
the influence of Mooney viscosity on heat generation in a 
ler Figure 7 shows the results of this study 
from these data that to attain an extrusion temperature no 
higher than 121° C, a maximum viscosity of 50 is indicated However, con- 
sistently better processing will be obtained if a viscosity of 30 to 40 MS-4/121 
© is used 
3 Moisture Control Moisture should be avoided since it increases scorching 
ind tends to reduce the quauty ol the vulcanizat Compounded stocks ab- 


140} 











MS~-47/121°C 


Pia. 7 Heat generation in 6-inch extruder vs. Mooney vis¢ 


sorb moisture from the air. Stocks containing curing agents should be rela- 
tively dry and provision made to keep them dry until they are cured. Ade- 
quate control of moisture is accomplished by: 


|. Using dry compounding ingredients. 

2. Milling the stock immediately prior to the addition of curing agent for 
approximately 10 minutes at 121° C A normal stock warm-up prior to cal- 
endering or extrusion usually suffices to dry the stock if it has been stored be- 
tween mixing and finish processing 

3. Cooling mixed stock in air and avoiding external sources of moisturs 


1. SI ibbing mixed stocks as thick as possible to reduce surface at a. 


Bin Storage Stocks containing curing agent increase in viscosity during 
storage and become unprocessable if stored too long. Close scheduling of 
operations is ne ry to ensure that the stock viscosity does not exceed the 


processable range for the operations to be used. The useful lif 
increased humidity and when stocks are store 
slabs 

Six days of storag: me appt ars to be a maximum for stocks whic! 
extruded. If other processing operations, less critical than extrusior 


tem] lated, the safe storage time is increased accordingly. 
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Compound Development Development of practical compounds suitable for 
most types of processing is accomplished by the use of the foregoing data on 
compounding. For example, assume that an extrudable tire-tread compound 
is desired, This type of stock usually requires 15 parts of EPC black for the 
best wear resistance, but such a stock cannot be extruded because of high vis 
cosity Figure 7 shows that to attain an extrusion temperature of about 110° ¢ 
in a 6-inch tread extruder the Mooney viscosity MS-4/121° C should be about 
10) Figure 5 indicates that a stock containing 15 parts of EPC black has a 
cosity of 75, but the addition of 15 parts of plasticizer reduces the viscosity to 
36 and places it in the right range for extrusion Phis stock, containing 5 partes 
of Hylene-LDMM, has a Mooney scorch rate at 121° C of 23 minutes to a 10 
point rise. This is adequate in view of the fact that the stock should process at 
about 110° C, and at that temperature the scorch rate is even slower. This 
formulation has been extruded repeatedly into a smooth tread cap for experi 
mental tire testing, using conventional equipment 

On the other hand, if this hypothetical stock is not intended for extrusion 
but only for calendering or molding, the stock viscosity may be higher This 
reduces the amount of plasticizer required, since in these operations, processing 
temperatures of high viscosity stocks are more easily controlled. The limiting 
factor then becomes the maximum processable viscosity that allows more 
latitude in compounding 


SUMMARY 


Adiprene-B urethan rubber is a high-viscosity thermoplastic elastomer that 


can be compounded and otherwise processed on conventional rubbe anu 
facturing equipment. There are fundamental differences between Adiprene-B 
and the more common elastomers in processing which must be taken into con 


sideration 


1. Processing temperatures should be less than 121° C to ensure smooth 
plastic flow and reduce the rate of scorching 

2. Processing temperature is proportional to Mooney viscosity, and both 
can be reduced by the use of plasticizers 

3. Moisture increases the rate of scorch, and it should be held to a minimum 
through all phases of processing 

4. Since stocks containing Adiprene-B increase in viscosity during storag 


close scheduling of operations will ensure the maximum processable life 
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2-METHYL-5-VINYLPYRIDINE ELASTOMERS 
IN OIL-RESISTANT SERVICE * 


J. F. Sverum«, H. E. Rattspackx, anp W. T. Cooper 
Reerancn Division, Patties Peraoteum Co., BarTLesvitte, OKLAHOMA 
tubbery compositions change in volume and deteriorate in physical proper- 


ties when immersed in various fluids. The degree to which the dimensions and 
physical properties are affected depends on the immersion fluid and the tem- 


perature of service As the temperature increases, the volume increases and 


the deterioration of tensile strength and elongation is accelerated 

Service temperatures have increased generally over the past few years and 
will probably continue to increase, paralleling developments in automotive and 
aircraft engineering and in other fields. At the higher temperatures there has 
been an increasing trend toward adoption of diester lubricants because of their 
stability’. Since diesters affect rubber products more than do petroleum-base 
oils, rubber articles which formerly were serviceable are not capable of with- 
standing the deteriorating action of high temperatures and synthetic lubricants 
This has necessitated the development of new materials for this type of service. 

Another feature which must be considered in many applications is the low- 
temperature performance of the rubbery composition. Many present-day 
rubber products which offer the greatest oil resistance are notoriously poor in 
low-temperature flexibility. Freeze resistance can be improved by addition of 
certain plasticizers; however, the effect is fugitive because the plasticizer is 
extracted by the solvent with which it is in contact. Artificially introduced 
low-temperature flexibility is thus lost in service as the plasticizer is leached out 

A new type of rubber is required to fill the needs of present-day service. 
Investigations have shown that quaternized copolymers of butadiene and 
2-methyl-5-vinylpyridine (MVP) and terpolymers of butadiene, acrylonitrile, 
and MVP meet many of the basic requirements. These elastomers give vul- 
canizates having excellent resistance to diesters and various other fluids and 
also improved low-temperature flexibility 

Oil resistance is produced by quaternizing the rubber with organic halogen 
compounds*, This reaction is illustrated below 


The oil resistance and general physical properties are governed by the 
quantity of combined MVP in the elastomer and the type and quantity of 
quaternizing agent Compounding is conventional with the quaternizing agent 
added during the mixing operation; the quaternization occurs during curing. 


* Reprinted from Jnduatrial and Engineering Chemistry, Vol. 48, No. 6, pages 1084-1089, June 1956 
This paper was presented before the Division of Rubber Chemistry of the American Chemical Society at its 
meeting in Detroit, Michigan, May 4-6, 1955 
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EFFECT OF COMPOUNDING VARIABLES 

Effect of varying quantity of quaternizing agent.-The level of quaternizing 
agent has been investigated in an 85/15 butadiene-M VP copolymer compounded 
in a typical heat-resistant recipe. Table I compares stocks containing 0, 5, 10 
and 15 parts of a,a,a-tric hlorotoluene per 100 parts of rubber These data show 
a4 progressive improvement of physical properties and oil resistance as the level 


of quaternizing agent is raised. The quaternizing agent reduced the Mooney 


TABLE | 


Errect OF VARIABLE QUANTITIES OF QUATERNIZING 
AGENT ON PHYSICAL PROPERTIES 


Recipe 


Elastomer 

MT black 

Zine oxide 

Stearic acid 
Plasticizer-SC 

Agerite Resin D 
Flexamine 

Sulfur 

Benzothiazoly] disulfide 
Tetramethylthiuram disulfide 
a,a,a-Trichlorotoluene 


100 
150 


Cure, 45 minutes at 307° F 


olume increase 


80° F 
A 


aaa 


Trichloro 
toluene 
(propor 
tion) 


0 
5 
10 


15 


Com 


Tensile 
strength 
(Ib./ 
sq. in.) 
940 
1310 
1670 
1680 


Elonga 
tion 
(%) 
525 
340 
405 
475 


510 
395 
120 

450 


0 SO) 
5 1440 
10 1600 
15 1700 


1020 
1525 
L860 
1760 


1000 
1550 
1890 
1510 


iM) 
1310 


GOO 
] to0 
1670 
1440 


value of the raw stock but increased the hardness 
stocks had excellent retention of tensile stre1 
circulating air oven at 212° F and in an air be 
square inch air pressure, particularly stocks 
quaternizing agent per 100 parts of rubber 

Ae 
with a,a,a,a’,a’ a’ -hexar hloro-p-xylene, a,aa-tl 
Table Il. The data were developed u ipe 
Table I, except that the mixed antioxidant was replaced | 
100 of rubber The le V 
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Tasie III 
Errect or Carson BLACKS ON PuHysIcAL PROPERTIES 
(10 phr a,a,a-trichlorotoluene) 


0/30 
2,2,4-tri 
80” | ethyl 
“~ pentane 
Black Com 300% Tensile Com toluene 
SA ~— ression modulus strength FElonga > pounded is 
Propor net Ib (Ib tion Mooney hours hours 
Type tion (%) aq. in.) sq. in.) 2 (MS-14) 158° F) 0° | 


MT 150 5.8 1160 1600 515 f 25 79.4 75.1 
SRF 100 7.6 1820 2100 $15 30 84.4 90.2 
FEF 60 7.3 1550 2400 380 5 26 90.9 83.5 


from numerous studies as the amount that gave the best balance of physical 
properties, with particular emphasis on swelling resistance 

a,aa,a’ at’ ,a'-Hexachloro-p-xylene imparts greater oil resistance, higher 
modulus, lower elongation, and higher hardness than do the other quaternizing 
agents. Stocks containing chloranil are superior in freeze resistance but tend to 
be fast curing 

Pigment reinforcement.—Butadiene-MVP elastomers react normally to 
reinforcement by carbon blacks. The highly reinforcing blacks impart high 
tensile strength but, because of their greater stiffening action, must be used in 
moderate amounts. Soft blacks do not reinforce the compound so highly, but 
can be used in greater volume. The high loading reduces the volume cost of 
the stock and, because of the greater dilution of the rubber matrix, also reduces 


the degree of swelling by various immersion fluids. Typical data comparing 
three blacks in an 85/15 butadiene-MVP rubber quaternized with 10 parts 
of a,a,a-trichlorotoluene per 100 are shown in Table III. 

Clay is an effective reinforcing agent in this type of rubber and yields excel- 
lent physical properties both before and after immersion in various test fluids 
The relative properties obtained with clay- and black-reinforced stocks are 
discussed in a later section. 


EFFECT OF PYRIDINE CONTENT 


Investigations showed that butadiene-MVP copolymers when quaternized 
with halogen compounds possess better oil resistance than do similar polymers 
containing other vinylpyridines. Table 1V compares properties of elastomers 


Tasie IV 


COMPARISON OF 2-MeTHylL-5-VINYLPYRIDINE AND 
2-VINYL-5-ETHYLPYRIDINE 


80° } 

A 
Tensile 
strength 

i} 


Elastomer / ej. in.) aq. in 
i i 


Butadiene-MVP 1830 2130 
Butadiene-V EP f 940 1620 
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containing equal molar amounts of 2-methyl-5-vinylpyridine and 2-vinyl-5- 
ethyl-pyridine (VEP) compounded in the recipe of Table I, using 15 parts of 
aa-trichlorotoluene per 100 parts of rubber. The MVP-rubber compound 
was significantly better than the VEP-rubber stock in stress-strain properties 
and oil resistance, indicating that the position of substitution on the pyridine 
ring 18 important 

In addition to the importance of the type of vinylpyridine in determining 
the physical properties, the butadiene-MVP ratio is also a very critical factor 
The effect on physical properties of varying the MVP content of a series of 
rubbers has been investigated in the recipe of Table I but with 20 parts of 
aa-trichlorotoluene per 100 parts of rubber. The test data in Table V show 
that the general physical properties improve with increasing MVP content, 
while the freeze point increases. The 75/25 butadiene-MVP rubber gives better 
oil resistance than does the 85/15 copolymer and still exhibits good low-tem- 


TABLE V 
PROPERTIES OF VARIABLE BuTADIENE-2-METHYL-5 
VINYLPYRIDINE Ratio ELASTOMERS 


Volume 

increase 
(%) 

/ aot 

70/30 

2,2,4-tri 

80° I methyl- 

A pentane- 
Tensile toluene 
strength Elonga- Shore (48 
Ib tion hard point hours 
eq. in J, ness (? ©) 158° F) 


RH/L! : 1200 1970 520 j 68 52.7 
80 /* 18.0 1310 2080 160 f 63 37.0 
75/2! 20.5 ( 1550 2070 440 5s 57 34.3 
10S. 24.2 1930 2100 400 6) 18 33.6 
60 30.7 - 1740 235 : 38 19.7 


perature flexibility. The 60/40 copolymer has poorer tensile strength and 
elongation than the other copolymers in the series and is much poorer in freeze 
resistance, but excells in oil resistance. 


COMPARISON OF MVP-CONTAINING ELASTOMERS AND 
COMMERCIAL BUTADIENE-ACRYLONITRILI 
COPOLYMER CONTROLS 


The foregoing discussion outlined the basic elements of compounding buta- 
diene-MVP rubber for optimum oil resistance. Terpolymers of butadiene, 
acrylonitrile, and MVP react similarly and, because of the influence of the 
acrylonitrile, exhibit some unique properties. An investigation was made to 
compare the oil resistance of an 85/15 butadiene-MVP copolymer and 70/15/15 
and 70/20/10 butadiene-acrylonitrile-MVP terpolymers to that of two com- 
mercial oil-resistant rubbers. The two controls are designated as A and B, and 
contain approximately 18 and 26 per cent combined acrylonitrile 

Each of the rubbers was compounded in black- and clay-reinforced recipes. 
The MVP-containing polymers were compounded with a,a,a-trichlorotoluene, 
aaa’ a’ a’ -hexa hloro-p-xyle ne, and chloranil The test re Iipes are shown 
in Table VI 

lor this series of compounds the change of volume and tensile strength after 
immersion (wet tensile) was determined in various fluids. The results are 
shown in a series of bar graphs 
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COMPOUNDING or MVP 


Rubber 

MT black 
Hard clay 
Zine oxide 
Stearic acid 
Plasticizer-SC 


Tasie VI 


AND ACRYLONITRILE—-CONTAINING COPOLYMERS 


Test recipes 


100 
150 


100 


144.43 
5 
| 
20 


Sulfur 

Altax 

Tuads 

BLE 3 


‘ 3 
Quaternizing agent Variable 


Variable 


Quaternizing agent levels 
a4,a 
ve oe 

a a a 

Hexa 

chloro 
p-xylene 
proportion 


Com bined 
monomers rri 
Charge (%) chloro 
monomer pao oe toluene 
ratio Acn*® 4 proportion 
85/15 20 10 
70/15/15 12.9 3.7 10 5 2.5 
70/20/10 19.8 10 5 2.5 
Control A None None None 
Control B None None None 


* Acrylonitrile 


44,4 


Chilo 
ranii 
proportion 


Tensile properties of the original stocks are presented in Figure 1. The 
butadiene-MVP copolymer and the two terpolymers possess fairly similar 
tensile strength in black- and clay-loaded stocks and are appreciably better 
than the controls in this property. 

The volume increase and wet tensile strength of specimens which were im 
mersed for 7 days at room temperature in acetone, carbon tetrachloride, 10 
per cent sulfuric acid, or 10 per cent sodium hydroxide solution are presented in 
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F1a, 2.--Effect of rubber, quaternizing agent, and filler on volume increase 
by 7-days of immersion at 80° F 
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Fie. 3.—Effect of rubber, quaternizing agent, and filler on wet 
tensile strength by 7-days of immersion at 80° F, 





The butadiene-MVP copolymer is superior to 
the control rubbers in resistance to attack by acetone. The two terpolymers 
: also better than the controls, but increasing the acrylonitrile leve: lessens 
e resistance of the rubbers to acetone. In general, the black-reinforced 
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Fig. 4.—Effect of rubber, quarternizing agent, and filler on volume increase 
by 48-hours of immersion at 158° I 
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stocks give less volume increase and equal or better retention of tensile strength 
than clay compounds, 

All the compounds are swollen to a large degree by carbon tetrachloride ; the 
70/20/10 terpolymer quaternized with a,a,a,a’,a’,a’-hexachloro-p-xylene is best 
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Fis. 5.—Effect of rubber, quaternizing agent, and filler on wet tensile 
strength by 48 hours of immersion at 158° F 
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All of the MVP-containing elastomers give better retention of tensile strength 
than the controls after immersion in this test fluid. Clay stocks possessed 
better wet tensile strengths than comparable black compounds in this solvent. 

Sulfuric acid swells the experimental stocks slightly more than the controls; 


however, these « ompounds are ge nerally ¢ quai or superior to the controls in wet 


tensile strength. In sodium hydroxide solution, all compounds are affected 


to a minor degree, but again the experimental compounds are superior to the 


controls in wet tensile strength 

Volume increase and wet tensile strength data for stocks immersed 48 hours 
at 158° F in 70/30 2,2,4-trimethylpentane-toluene mixture, 4-methyl-2-pen- 
tanone, amyl alcohol and ethylenegl y« ol are shown in Figures fand 5 In the 
medium aromatic fluid the 85/15 rubber gives the highest volume increase, but 


DIISOOCTYL SEBACATE DIISOOCTYL SEBACATE 
48 HR/156 F. 72 HR/300 °F. 


o & 


TURBO OIL 15 | 
VOT. #,#,#-TRICHLOROTOLUENE | 

@ & & «a a@~HEXACHLORO- 
p - XYLENE 


| al 4 WHITE AREA~CLAY 


BS/IS 70/15/15 70/20/10 AB BSVIS TO/IS/I5 70/20/10 A 


i 











t of rubber, quaternizing agent, and filler on v ne increase jester 
exhibits satisfactory wet tensile strength. In volume increase, the terpolymers 
are fairly similar to the controls, but are significantly better in wet tensile 
strengtl Clay stocks swell slightly more in this solvent than do the black 
compounds, but are equal to or better than the latter in wet tensile strength. 

Properties of stocks immersed in 4-methyl-2-pentanone parallel those of 
compounds subjected to swelling in acetone. The deterioration is slightly 
greater with the ketone of higher molecular weight 

Amy! alcohol and ethyleneglycol do not deteriorate the rubbers significantly. 
The MVP compounds exhibited higher wet tensile strength and, on an average, 
black and clay reinforcement appears to be equivalent for stocks immersed in 
these solvents 

Volume increase and wet tensile stre ngth data appear in Figures 6 and - 
respectively, for vuleanizates immersed in diisooctyl sebacate at 158° and 300° J 
and in Turbo Oil 15 at 300° J In diesters, the MVP stocks exhibit only a 
moderate volume change: the terpolymers compounded with a.a.a-trichloro- 
toluene or a,a,a,a’ a’ a’-hexa hloro-p-xylene are best in this respect and excel 
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Fic. 7.—-Effect of rubber, quaternizing agent, and filler on wet tensile strength 
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the controls. After immersion in these solvents, all of the MVP-containing 
rubbers give higher tensile strengths than the controls 

In Figure 7 the elongation at break for the black-reinforced stocks is shown 
above each bar. The compounds exhibit relatively low elongations after im- 
mersion for 72 hours at 300° F. After immersion for 48 hours at 158° F, the 
elongations were satisfactory and the experimental compounds were superior 
to the controls in wet tensile strength. 

a,aa,a’ 0’ a’-Hexachloro-p-xylene imparts the greatest resistance to solvent 
attack in almost all of the fluids used in this series of tests. This is evident in 
the lower volume change and higher wet tensile strength obtained with the 
quaternizing agent. The chloranil-quaternized stocks possess somewhat better 
low-temperature flexibility. Highest elongation is obtained with a,a,ea-tri 
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chlorotoluene experience has shown that a,a.a-trichlorotoluene and a,a,a,- 
a’ a’ a’-hexachloro-p-xylene apparently liberate a small quantity of hydrogen 
chloride during curing, and thus can be mildly corrosive to certain types of 
steels. Chloranil does not suffer from this deficiency 


DYNAMIC PROPERTIES 


Heat generation and blowout resistance were determined for the com- 
pounds discussed in the preceding section (Table VII The heat generation 
determined in the Goodrich flexometer at 1750 cycles per minute, 0.175-inch 
stroke, 100° F oven temperature, and compressive load of 143 pounds per 

juare inch, was essentially equal to or slightly higher than that of the controls. 
However, the blowout resistance, determined at 0.250-inch stroke, 200° F oven 
temperature, and compressive load of 257 pounds per square inch, was con- 
iderably better than that of the controls. Compounds quaternized with 
aaa’ a’ a'-hexachloro-p-xylene required from 50 to in excess of 60 minutes to 
fail in the severe blowout test. Those containing chloranil also exhibited ex 
cellent resistance to failure in this test. Failure of the MVP-rubber stocks 
occurred at higher temperatures than the controls, which again shows the good 
high-temperature performance of the experimental compounds. Clay stocks 
are considerably poorer in blowout resistance 

The ability to withstand flexing without breaking or crack propagation is 
ilso an important characteristic of rubber articles in dynamic applications 
The flex life of an 85/15 butadiene-MVP rubber stock quaternized with 20 parts 
if a,a,a-trichlorotoluene per 100 of rubber was determined. The experimental 
stock withstood 116,000 flexures before failing, compared to 9000 flexures to 
failure for a GR-S-1500 compound. This test was conducted in a DeMattia 
flexing machine operating at 210° F and a 43-inch stroke. The remarkably good 
flex life is noteworthy in view of the other properties of this ty pe of compound 


CONCLUSIONS 


Butadiene-MVP copolymers and butadiene-acrylonitrile- MVP terpolymers 
are a new class of rubbers which can be rendered oil-resistant by reaction with 
organic halogen compounds during vulcanization. The rubbers respond 
normally to reinforcement by carbon black and are highly reinforced by mineral 
fillers such as clay Oil resistance depends on MVP content of copolymers and 
MVP and acrylonitrile content of terpolymers The type and quantity of 


quaternizing agent also regulate the properties and oil resistance of the vul- 


canizates 

Excellent performance of the experimental rubbers was demonstrated after 
immersion in ketones, amyl aleohol, ethyleneglycol, acid, caustic soda, a 70/30 
2,2,4-trimethylpentane-toluene mixture, and ester solvents. The terpolymers 
offer better resistance to aromatic hydrocarbons The experimental rubbers are 
also superior to the butadiene-acrylonitrile control compounds in contact with 
hot diester lubricants, giving much higher tensile strength after exposure for 72 
hours at 300° F or 48 hours at 158° F 

The MVP-containing rubbers possess excellent resistance to flex crack 
growth They are also considerably better than the controls in resistance to 
blowout under severe conditions of rapid cyclic deformation under heavy load at 
elevated temperatures 
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OBSERVATIONS ON THE PHYSICAL ASPECTS OF 
RESISTANCE TO SKIDDING ON DRY ROADS AND 
PARTICULARLY ON WET ROADS * 


K. KNAUERHASE 


Puoentx Guueirwer«xe A.G., Hamecno-Harsurns, Germany 


INTRODUCTION 


To ensure safety from skidding, attention has up to now been devoted to 
building rough surface roads, to the development of the proper vehicle con- 
struction with respect to this feature, and to the factor most directly involved 
the tires. Special attention has been directed in connection with this latter 
phase to a much more open tread patterning and to the effect of decreasing tire 
inflation, both of which affect the life of the tire adversely. These steps neg- 
lected to take advantage of the physical effect of adhesion, which, without 
lowering the durability, now makes possible an enhanced contribution to the 
cohesive friction by the profile grooves which are of necessity retained to keep 
the weight down. The goal is, therefore, to provide the smooth surfaces of the 
tread pattern that come in contact with the road with the greatest possible 
physical gripping power, or adhesion 

After illustrating the interfacial magnitudes with the help of a veetor dia- 
gram, we shall survey the laws of boundary surface adhesion. Here the great 
influence of the liquid involved in wet friction becomes clear and the particularly 
favorable interfacial tension property of water can be assessed. Since skidding 
can occur only at the interfaces: rubber-water, or water-road, the requirement 
is as follows: both the greatest possible wetting power between rubber and water, 
and also between water and road surface, that is, hydrophilic properties in the 
rubber and hydrophilic road surfaces, in order to reduce the danger of skidding 
Good insurance against skidding requires hydrophilic rubber and a hydrophilic 
road surface, for a tire that has been developed to be nonskidding holds on a 
hydrophilic road surface and skids on a hydrophobic road surface. A hydro 
phobic tire, on the other hand, skids on any wet road 

Although considerable advances have been made with respect to safety 
from skidding since rubber tires were first developed for motor vehicles, with 
increase of speeds this problem demands our attention to a greater and greater 
degree. Safety from skidding can result only from the combined efforts of 
road and car builders, tire makers, and the chemists and physicists of all three 
groups. 

ATTAINABLE TRACTION AND NECESSARY TRACTION 

Skidding occurs when the available traction is less than that necessary be 


tween tire tread and road surface. By necessary traction is meant the ad- 
hesive friction, determined at any instant in the motion by weight, construc- 


* Translated for Russer Curemierry ano Tecunotocy by Donald J. Kitchin from Kautechuk und 
Gummi, Vol. 8, Special Issue on Tires, September 1955, pages | 13 
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tion, and driving power, which makes possible in general the forward-rolling 
motion of the vehicle. The necessary traction is equal to the sum of the power 
built into the car in the motor and the resistance to forward motion It can, 
therefore, be treated as an externally applied force setting the vehicle in motion. 

It is the task of the automobile builder to keep the necessary traction as low 
as possible. The driver too, by his manner of driving, exercises an influence on 
the traction necessary By violent braking and resultant increase of the resist- 
ance to forward motion, he can make the necessary traction greater than that 
which is available, so that skidding ensues. 

The tire maker has no contro! over this. For him the upper limit of the at- 


tainable traction is the decisive question. Consequently the problem of safety 


vs. skidding is synonymous for the tire expert with that of the attainable 
traction 

According to the concepts about the course of pure rolling action, the 
magnitude of the available traction is largely independent of the state of motion 
of the vehicle, so that it can be equated to the attainable traction at rest, 
analogous to the situation in the case of a support under compression, @.g., @ 
pillar under a load. This device does not lead to any contradiction with ex- 
perience, and is, moreover, confirmed by measurements at low speeds (about 
4 km. per hour Hence the skid resistance of a tire is given by the coefficient 
at rest. 

The friction of two plane surfaces in contact, in our case, rubber-road, is 
given by Coulomb’s law 


R uP 


where F is the frictional resistance and P is the applied pressure. The pro- 
portionality factor uw is the coefficient of friction. It is not a constant, but 
depends on the nature and material composition of the surfaces involved, on 
the temperature, on the deformability of the material, and on the boundary 
forces. On a wet road the surface tension forces of the water also contribute. 

Without minimizing the importance of the vehicle design, the tread pattern, 
the roughness of the road surface, etc., as factors involved in insurance against 
skidding, we direct our attention here to the possibility of further increasing 
the skid resistance by taking advantage of the physical surface effect, i.e., the 
adhesion. It makes possible an enhanced contribution of the tread pattern 
necessarily unchanged because of the load conditions, to the available traction, 
and this without reducing the life of the tire 

The problem with respect to the tire is, then, to impart to the smooth sur- 
faces of the tread in contact with the road the greatest possible adhesion, o1 
physical gripping power 

The magnitude of the coefficient of friction u also depends on the properties 
of solid bodies, for example, the hardness. On the other hand, wetting experi- 
ments with glass or the cold welding process show the extraordinarily great 
influence of surface properties on the adhesion. The attraction of water to a 
cleaned glass surface is so great that it cannot be removed from the glass by 
wiping. Cold welding also illustrates the enhancement of adhesion. As soon 
as the clean, Le., the true solid surfaces, free of foreign substances, come into 
contact, there is bonding. These effects can be of a chemical or a physical 
nature; it is always difficult to separate surface physics and chemistry. They 


differ less in actuality than in the concepts about them. 
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PHYSICAL INTERFACIAL MAGNITUDES 


Let us now apply the known facts of surface physical phenomena, which 
play an important role in daily life, as in washing, in welding and soldering pro 
cedures, in flotation, etc., to the problem of the interfaces : rubber—road surface 
and in particular to the boundary surfaces rubber-water, and water-road, in the 
case of wet friction, since this is where better safety from skidding is to be 
effected. 

If the coefficient of friction of rubber depends on the interfacial forces of 
the systems involved in our case, rubber-water, and water-road, a point that 
will be proved in the course of this exposition, then, for good gripping of the 
road, the same measures need to be taken as for reducing slippage of the tires, 
and the freedom from skidding of a vehicle depends on the weaker of the two 
bonds, rubber-to-water or water-to-road. In order to illustrate and to meas 
ure the influence of the interfacial forces, the so-called inclined plane, which is 
so advantageous in experiments on friction, was employed (Figure 1). By 
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Diagram of forces for the inclined plane R 


tangential tractior 
Z P Pressure normal to t 


means of a gradual progressive increase of the angle of inclination of the sliding 
path, the angle a at which the rubber sample begins to slide is 
Then the tangent of this angle is the coefficient of friction of the 
these experimental conditions 


determined 


rubber under 


The reproducibility of the results obtained in this way is very good in the 
range of greatest interest, from 20° to 50°, and is, in fact, +1°. Thus it is 
easily possible in this way to arrive at a standardization of rubber qualities. 

As soon as sliding starts, the measurement changes from a static to a dy 
namic one, Such dynamic studies were carried out, but with another device, 
which gave the same order for the different types of rubber. 

Now, on the basis of boundary surface physics, it is to be expected that 
rubber compounds of hydrophilic character will show a large sliding angle, and 
the experiment with the inclined plane confirms this, in that hydrophobic types 
show consistently very small angles for wet friction, whereas hydrophilic types 
give angles, for example, of 45° to 50°, and special types even attain the angle of 
dry friction, i.e., 53 Thus there is the possibility of obtaining considerable 
safety from wet skidding by making the compound more hydrophilic 

Now a few comments on the previous relationships in tires. It is well known 
that natural-rubber tires show less abrasion on a wet road than do synthetic- 
rubber tires, although the abrasion of both is the same on a dry road 
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The superior performance of synthetic-rubber tires under wet conditions is 
explained by the greater attraction for water compared to that of natural- 
rubber tires, and the consequent stronger interfacial forces, adhesion, and 
gripping power. On the basis of the concepts stated here, it is now possible to 
produce natural-rubber compounds which are equally hydrophilic and which 
have, therefore, the same gripping ability as synthetic rubber. 

To get some idea of the effectiveness of the forces which determine the ad- 
hesion, it is worthwhile to make a few comments about wetting and wetting 


power! 
THE LAWS OF INTERFACIAL ATTRACTION 


The forces which hold together the molecules, the building stones of the sub- 
stance, completely satisfy each other in the interior, but not at the surface 
Consequently all the surface molecules experience an inwardly directed pull. 
They are subjected to surface tension. A familiar experiment with a soap 











Fia. 2 Equilibrium of forces for a water droplet on a solid surface GaasfOrmig means gaseous 
phase Fldssig means liquid phase Fest means solid phase 


bubble in a rectangular wire frame demonstrates the surface tension, if one side 
of the rectangle is moveable and if when the rectangle is held in a vertical 
position the soap film is able to support the little wire rider. If the length of 
this piece is 1 em., then the force acting is equal to twice the surface tension in 
dynes per cm 

Not only liquids, but solids as well, have a surface tension, although it is 
far greater in solids and not capable of direct measurement, except possibly in 
very precisely controlled tensile tests under very clean conditions. The forces, 
for example, which act on water droplets on a rubber underlayer and the 
nature of this action, are shown by the vector diagram in Figure 2. The 
tangent to the water droplet and the rubber surface intersect in the boundary 
angle @. At the rubber surface and parallel to it, there is the surface tension 
oa; (rubber-air) and, in the opposite direction, the interfacial tension o;,2 


(rubber-water). The difference between the two forces is represented by the 


projection of the arrow a,, the surface tension (water-air). This projection is 
the product cos @-a;. 
Due to the equilibrium reached by the forces, the contact angle obeys the 
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following relation, discovered by Young 


0 01,2 a; cos @ B 


where B is the wetting power. To obtain a large wetting force, it is necessary 
to choose a, as great as possible and o;,, smal! 

In the case of a solid, a and o,.. are hard to derive However, in view of 
Young’s law, the indirect method of testing the wetting tension by measuring 
o,, the surface tension of water, and the cosine of the contact angle can be used. 
According to the equation, the wetting force is greater, the smaller the con- 
tact angle at constant ¢,. Accordingly, with water, for example the maximum 
wetting force (cos @ 1) B og, is 73 dynes per em. at 20° C 

Fortunately water has by nature a high surface tension, and gives, therefore 
a very large wetting power when the underlayer (substrate) is completely 
wetted. 

The sole decisive magnitude for the attraction of two media, here rubber 
and water, is the adhesion, but this depends in a simple way on the wetting 
force. 

The adhesion and also the wetting energy give a measure of the magnitude 
of the molecular forces which produce the attraction. The adhesion is derived 


from the considerations involved in the setting up of a boundary surface prob 


lem, that is, an interface. 

The work of formation of a common boundary surface between two sub 
stances is the combination of the work required for the formation of the free 
surface of the first material, i.e., water, plus the work required to form the free 
surface of the second substance, rubber, minus the amount of energy A which 
is liberated by bringing together the two free surfaces. Energy A is liberated 
because the surface forces now mutually saturate each other, and the stored 
surface energy released appears as A. This is expressed formally as 

01,2 
or the value sought 
A 


that is, the adhesion is equal to the sum of the surface tensions minus the inter- 
facial tension. 
From a, 1,2 B follows 


A B+ O;. Adhesion wetting force + a, 


Hence, in a system with the same liquid, having surface tension o;, the adhesion 
is directly proportional to the wetting force. 

Sut what happens when wetting agents are added to the water? The sur- 
face tension of the water then decreases, the wetting relationships (contact 
angle @) not only do not become less favorable, but, on the contrary, actually 
improve, Based on the relations 


A B+ a; a 


in this case the adhesion A becomes smalle1 In spite of complete wetting 
both the adhesion and the wetting force are only equal to the decreased surface 
tension, for example, of a soap solution 

The change of the sliding angle measured with the inclined plane confirms 
the decrease of adhesion and, therefore, of the coefficient of friction. Further 
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the experiment with a soap solution shows that it is necessary to distinguish be- 
tween wettability and wetting force 


SIGNIFICANCE OF THE WETTING FORCES FOR 
RUBBER-WATER AND WATER-ROAD 


To obtain the highest possible coefficient of friction between rubber and 
water in practice, where the liquid, i.e., water, has a given fixed surface tension, 
the emphasis should be put on a large a2 value, the surface tension of the rubber. 
Increasing ao, gives, with constant o,, a diminishing contact angle @, and, hence, 
a greater wetting force a, cos @ B, while at the same time o;,2, the interfacial 
tension, decreases. According to this view, the wetting force and the resulting 
adhesion depend in great measure on the composition of the rubber compound. 

The fact that materials that bloom out decrease the friction coefficients is 
simply explained by the lowering of the surface tension of the rubber. The 
rubber is in fact, no longer the true surface, because a bloomed surface with a 
new lower surface tension is formed 

The effect of wetting on the chemical surface condition is an extraordinarily 
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sensitive one, and, with the aid of the wetting of the rubber with water, pre- 
dictions can be made about the coefficients of friction to be « x per ted on the 
basis of the wetting phenomena. For example, suppose one were to test the 
surface with a fountain pen containing 4 definite volume of water, and to meas- 
ure the length of the line until the water is used uy Types that are wettable 
permit drawing continuous lines. 


If we compare the surface tension of water with the coefficient of friction of 


a readily wettable rubber with increasing temperature, we find, as shown in 
Figure 3, complete agreement in the course of the two values. There is the 
same agreement in the trend of the two values in the case of water having a 
lowered surface tension 

The wetting force, that is, B = a; (complete wetting) can again be brought 
into direct relation to the friction value, in accordance with Figure 4. The 
tangential tension (G-sin a) chosen as ordinate is equal to the friction according 
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to Figure 1, but in the opposite direction. Comparison of the two ordinates 
with their scales gives the decrease of friction per unit decrease of 
tension. 


surface 


In compounds containing substances that tend to bloom, the behavior 
Figure 5) shows complete agreement between surface tension and coefficient 
of friction in a more pronounced drop at the lower initial part and a subsequent 
flattening out This is explained by solution of the bloomed film 


rubber in the hot water, or by the reabsorption of the 


on the 
bloomed ibstance by 
the rubber at the higher temperature 

As is well known, conditions of driving are especi: 
just starting to rain. The interfacial conditions can pre 


provide the explanation 
for this, for comparative tests always show very poor initial wetting of a dry 


rubber sample This condition disappears at different rates with different 


illy dangerous when it is 


rubber compounds. The air adsorbed on the surface lowers the wetting power 


with respect to water. This air is thus responsible for greater skidding danger 
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HYDROPHILIC RUBBER COMPOUNDS AND HYDROPHILIC 
ROAD SURFACES 


What has been said so far about the system: solid-liquid-air (tire-water), is 
also valid for the system: road surface-water, and, consequently, for the sys- 
tem: road-water-rubber, as well. In general, the clean surface, i.e., the true 
surface of the solid body, should possess a high surface tension and, hence, a 
high wetting force, so that a tire developed to resist slipping on a solid under- 


layer must show good gripping ability 

In view of the above considerations, a skidproof road would be character- 
ized by strong attraction to rubber by way of water, in that it possesses great 
wetting power by water, due to its surface material construction, as a result of 
whi h oily residues and other hydrophobic contamination are displaced auto- 
matically by the water itself, i.e., by rain, without the use of expensive cleaning 
agents. 

Experiments show that on a road surface contaminated with oil or one that 
is inherently hydrophobic because of its chemical composition, water droplets 
are very easily moved about without leaving a trace of water behind. The 
wetting power is very slight, and it is understandable that in this case the 
holding tendency to rubber via water in the boundary layer: road surface-water, 
is deficient. Here even a tire built to be skidproof is certain to slip 

The road chemist can aid by the correct choice of the road surface material, 
in a way analogous to the activity of the tire chemist with respect to the tires. 

The above ideas should be applicable as well to all uses of rubber where fric- 
tion, or conversely, sliding, plays a role (a sliding support, windshield wipes 
et These boundary surface phy sical considerations should also not be over- 
looked where slipping on ice is involved 

In this connection, blue basalt should be mentioned. Because of its surface 
properties, it is very dangerous to modern transporation. Its fine pored surface 
makes it capable, in the dry state, of absorbing hydrophobic substances. Once 
these are in the surface, the rain is no longer able to clean this stone surface, 
and it remains a danger to motor vehicles Kasily performed, inexpensive 
methods of cleaning such stones are under development, so that an appreciable 
improvement in safety from skidding will be attained. 

Unfortunately it is true of every material that its own true surface in the 
presence of air is only short-lived, and, in just the same way, cleaned blue basalt 
stones for the most part, depending on how heavy the traffic is, do not long 
retain their clean surface unless the cleaned stone is kept constantly wet. The 
burning off of the stones, which has been tried so far leads, on repeated treat- 
ments, to destruction of the stone surface or of the stones themselves. 

The effectiveness of a distinguishable degree of wetting power is documented 
also on such blue basalt stones in the following experiment. 

A stone taken from a road surface with poor wetting power gave, in the 
laboratory, a sliding angle of 32 A much smoother surface cut from the same 
stone, gave, with good wetting and the same rubber, the angle 49°. Blue ba- 
salt is thus inherently a nonskid road material, but for it to remain equally good 
in the long run, the surface pores must be plugged with hydrophilic material, o1 
else regular periodic cleanings must be carried out 

One obtains the best idea of the importance of the wetting power for the 
skid resistance of tires when one realizes that, in spite of all improvements in 
compound formulation and in tread pattern, the gripping tendency on wet blue 
basalt roads still leaves something to be desired. 





PHYSICAL ASPECTS OF SKIDDING 1433 


In order to obtain good gripping power, it is, therefore, necessary to strive 
for the greatest possible adhesion, i.e., wetting power for road surfaces as well 
asfortires. Tothis end oneshould: 


1. Avoid as far as possible measures which make the rubber or the road 


surfaces water repellant and if these are necessary for other reasons, at least to 
apply them with caution; 

2. Adopt measures aimed at making the road and rubber surfaces definitely 
hydrophilic. 


We have today the means of producing tires of either natural rubber or syn 


thetic rubber which possess good wetting power 


The gripping power of these 
tires has been found to be excellent, both in tests on the road and on the test 
stand. 





STUDIES ON ABRASION AND WEAR OF RUBBER. I. 
THE CHEMISTRY OF CARBON BLACK AND ITS 
EFFECT ON ABRASION AS DETERMINED BY THE 
NATIONAL BUREAU OF STANDARDS METHOD * 


\. Garren, K. Eppincer, anp D. E. Weiss 
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INTRODUCTION 


In earlier work on the nature of chemisorptive mechanisms in rubber rein- 
forcement, Garten and Sutherland! found that carbon blacks react to different 
extents with free radicals, and the number of active sites per unit area for the 
various carbons was derived from the experiments. It was suggested that the 
free radicals, produced from the breakdown of rubber during mastication, could 
form chemical bonds with the filler particles and thus produce a rubber-filler 
network. Since the majority of the mechanical properties of filled rubbers, for 
example, modulus, hardness, and resilience, are controlled by the total number 
of chemical bonds connecting polymer chains, an analysis of a network which 
includes filler-rubber bonds predicted a linear relation between the modulus of 
a reinforced rubber and the quantity o/r, where a is the number of active sites 
unit area of the filler and r is the radius of the filler particle. The relation was 
confirmed by experiment. There was, however, little indication of any simple 
relationship between the abrasion resistance of a reinforced rubber and the 
mechanical properties of its network, when determined by the degree of cross- 
linking. It was suggested that the abrasion resistance of a rubber compound 
was controlled by its chemical stability, particularly towards oxidation, and the 
possible catalytic effects of various fillers on such chemical changes 

For a tire of natural rubber reinforced with carbon black, there is an abra- 
least 60 g./1000 miles of road service. Without reinforcing, the 


loss is 30-40 times as high. Despite other disadvantages, rubber containing no 
insaturated groups, for example, the isocyanate type, is known to have at least 
twice the life of reinforced natural rubber tires. This type of rubber does not 


require filler reinforcement. The extraordinary differences in the lifetimes, 


sion loss of at 


oportions of 1:35:70, of a pure-gum vulcanizate, a rein- 
natural rubber, and an unreinforced isocyanate rubber with approxi- 
mi the same mechanical properties indicate that the resistance cannot be 
described by these properties as measured for the original rubber, although the 
final shearing off of particles from the surface will be determined by some me- 
chanical property or properties of the chemically changed rubber. With 
natural rubber or any unsaturated synthetic rubber, an antioxidant is essential 

rvice life, whereas saturated rubber needs no protection. 

The study of the mechanism of abrasion as it affects the service life of tires 


is difficult because no reliable laboratory method exists for the assessment of 


nted fr t tustralian Journal of Applied Science, Vol. 7, No. 2, pages 148-159 (1956) 
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service life. On the other hand, no better test can be designed as long as the 
mechanisms of abrasion and the action of fillers are not understood. We have 
investigated the fundamental chemical properties of carbon blacks, their cata- 
lytic properties, and their effect on abrasion as determined by the National 
Bureau of Standards (N.B.S.) technique. This choice of method was made 
because of its ready availability in the laboratory of Dunlop Rubber Australia 
Ltd., where abrasion tests were being regularly performed. Since we believe 
that abrasion is concerned with the oxidation of rubber, attention was paid to 
the behavior of carbon blacks in oxidation reactions and to the chemical char- 
acter of the black 

Both activation and inhibition of the oxidation of rubber by carbon black 
have been reported. Winn, Shelton, and Turnbull’ described increased rates of 
oxygen absorption with increase in surface area of the carbon. They attributed 
the correspondingly great deterioration of physical properties of GR-S vulcan- 
izates as the result of the greater oxygen uptake. Kuzminskil, and coworkers’, 
working with unvulcanized, unstabilized butadiene-sodium polymers, showed 
that increased amounts of channel black reduced the rate and amount of oxygen 
uptake. They deduced from these results that the action of carbon black was 
to inhibit the normal chain reaction induced by rubber-peroxygen. Increased 
rate of oxygen uptake observed by Winn, Shelton, and Turnbull* can be ex 
plained by the adsorption of added antioxidant on the carbon black surface 

Sweitzer* and Sweitzer and Lyon® were able to provide convincing evidence 
that carbon black inhibits chain scission during mastication in a Banbury mixer, 
and they suggest that this may result from the interaction of free radicals with 
the carbon surface. The possible effect on abrasion of a similar action of car- 
bon black in vulcanized rubbers was not considered. Van Amerongen® studied 
the effect of carbon blacks on oxidation, hysteresis, and wear of natural rubber 
The rate of oxidation and the solubility of oxygen increased with surface area 
of the black, as did hysteresis losses and heat build-up, resulting in loss of tensile 
strength and elongation. The author referred to the common concept that 
smaller particles give higher reinforcement, although with some channel blacks 
with surface areas higher than most furnace blacks lower wear resistance is ob- 
tained. It is stated that, with carbon blacks showing higher hysteresis loss or 
heat build-up, a higher wear resistance is obtained “apparently because thi 
weakening effect of higher temperature resulting from higher hysteresis losses 
is only of secondary importance compared with the more direct effect of blacks 
of smaller particle size on those mechanical properties of rubber which are im 
portant for wear resistance’”’. It is somewhat difficult to see what ‘mechanical 
properties” are important, since no relation is known to exist between abrasion 
resistance and any other physical property of a reinforced rubber compound. @ 

The following experiments were designed to test our theory of oxidative 
breakdown as the major cause of rubber abrasion. The systematic results on 
the chemical structure and catalytic properties of a series of carbon blacks of 
approximately constant surface area strongly suggest that the inhibition of 


peroxidation of a rubber compound by an active filler is to be regarded as an 


essential feature of ‘“‘reinforcement’’. 


MATERIALS AND METHODS 


Batches (200 g.) of an ink black of relatively high surface area (675 m.*/g 
and of low suspension pH (3.9) were heated for 2 hours in pure nitrogen in the 
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temperature range from 200—-1000° C and allowed to cool without the admission 
of air. 

Surface areas were determined by the B.E.T. method, using nitrogen as the 
adsorbat« Ultimate analyses were performed by the usual microanalytical 
procedures and the oxygen assay was done by a direct method. Total iron was 
determined colorimetrically with 5-sulfosalicylic acid, after destructive oxida- 
tion of the carbon matrix with HoSO,~HNO,. The amount of iron that could 
be extracted with sulfuric acid was measured by the same method after shaking 
5.000 g. carbon with 50 ml. 2N H»SO, at room temperature for 1 hour and 
centrifuging. The adsorption of acid and of alkali on the heat-treated black 
was determined in the manner previously described’. Adsorptions were also 
determined after treatment of the carbon blacks with an excess of neutral 
doubly-distilled hydrogen peroxide and subsequent washing by decantation 
(1.00 g. carbon suspended in 5 ml. neutralized HO», 50 vol. for 24 hours). 

The catalytic ability of a carbon black to decompose hydrogen peroxide is 
determined by the oxidation state of the surface of a black, so it seemed desirable 
to investigate the change in the carbon surface after reaction with hydroxyl-free 
radicals produced from hydrogen peroxid The decomposition of hydrogen 
peroxide was tested in a Warburg apparatus at 25° C. Black (0.050 g.) was 
moistened with 2 ml. of 0.001 N K.SO, and left standing overnight to expel 
gases adsorbed on the carbon surface. An absorbent for carbon dioxide was 
placed in the center compartment and the side-arm charged with 0.4 ml. of a 
0.1 per cent H,O» solution. To differentiate between the catalytic activity of 
the carbon and any effect of an iron impurity, the experiments were repeated 
after treatment with cyanide (the carbons were wetted with 1 ml. of 0.001 N 
KCN + 1 ml. 0.001 N H.SO,) 

Further information on the nature of the surface could be deduced from 
measurements of the magnetic susceptibility. A Gouy balance of maximum 
field strength of 10 kg. was used at room temperature and the results were 
extrapolated to infinite field strength. The densities of samples were deter- 
mined by the flotation method, using mixtures of bromoform and benzene 

For the abrasion tests, the various carbon blacks were milled into rubber to 
produce a test mixture of the following composition : Rubber (No. 2 smoked 
sheet), 100; stearic acid, 2; pine tar, 3; carbon black, 50; zine oxide, 5; sulfur, 3; 
mercaptobenzothiazole, 0.8. No antioxidant was added, to preserve antioxida- 
tion effects caused by the carbon itself. All samples were 0.5 inch thick and 
were cured for 60 minutes at 142° C, after which time they had approximately 
the same Shore hardness of 75-77. All samples were given 50 revolutions on 
the N.B.S. abrasion machine 

The essential features of the machine are as follows: Garnet paper No. 2} 
is held by rubber bands on a rubber-coated metal drum 6 inches in diameter, 
which is rotated at 40 r.p.m., the revolution of the drum being indicated by a 
counter. Three test-specimens, | inch square and approximately 0.25 inch 
thick, are cemented to small fiber disks, which in turn are fastened to weighed 
arms (downward force of 51b.). Dial gauges, graduated in thousandths of an 
inch, are used to indicate reduction in the thickness of the specimens. Com- 
pressed air is used to keep the abrasive surface clean. Before making a test 


run, the specimens are allowed to wear until the surface conforms to the shape 
of the drum 

Particular attention was paid to the oxygen content during compounding 
and vulcanization, as well as in the process of abrasion, 
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RUBBER CHEMISTRY AND TECHNOLOGY 
RESULTS AND DISCUSSION 


Garten and Weiss’ have shown that sugar char has a hydroquinone char- 
acter when prepared at 400° C, but develops a quinonoid structure at 800° C 
They also showed that carbon blacks are chemically similar to sugar chars. 
Channel and ink blacks were shown to contain hydroquinone groups, whereas 
furnace blacks were quinonoid. On heating the carbon from 400 to 800° C, 
some quinone groups may be created by dehydrogenation. It was suggested, 
that carbons intermediate between the two extremes should contain a maximum 
amount of semiquinone-type oxygen, possibly in resonance with C sites. It 
was also suggested that resonance might reasonably be expected to extend over 
the whole conducting structure of the carbon. The detailed mechanism of this 
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et of heat treatment of carbon black on acid- and alkali-adsorption 
@ Uriginal After contact with hydrogen peroxide 


conductivity is obscure. Winslow, Baker, and Yager® have proposed, from 
paramagnetic resonance studies, that the conductivity arises from the drifting 
of radical sites, as in certain types of semiconductors. The present work sug- 
gests that both semiquinone groups and C radicals might be involved in this 


mechanism, and that, furthermore, contamination by transition metals, par- 


ticularly iron, may play an important part 

In the region of 500-S00° C there is also a characteristic small change of 
surface area as observed by Boyer and Foucault’ and confirmed in the present 
series of experiments (see Table I). 

Figure 1, showing the adsorption of acid and alkali/100 m.* of carbon sur- 
face, indicates that equal adsorption of acid and alkali occurs in the region of 
700° C, which, from previous considerations, could be identified with a semi- 
quinone configuration Figure | also shows that treatment of the various blacks 
with hydrogen peroxide resulted in a shift of the maximum semiquinone con- 
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centration (with its equal adsorption of acid and alkali) from the 700° C-black 
to that activated at 850° C. 

The observed changes in magnetic susceptibility with the temperature of 
activation are shown in Figure 2. The results were extrapolated to infinite field 
strength, which eliminates the effect of ferromagnetic impurities’, so that the 





figures represent the susceptibilities inherent in the structure of the carbon 
The hump observed at 700° C most likely reflects the weakening of the para- 
magnetic contribution of the single electron groups through spin-interaction 
with the ferromagnetic impurities. This is supported by the Figure 3, which 
shows a distinct minimum of the effect of ferromagnetic impurities at 700° C 
Extraction with 2N HS0O, yielded 50 per cent of the total iron present in the 
carbon that had been prepared at 700° C, whereas 80 and 100 per cent could be 
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extracted from the carbons heated to 600 and 800° C, respectively (Table [) 
At this juncture it would be mere speculation to suggest any particular explana- 
tion for the effect of the iron on the carbon. There is the distinct possibility of 
Fe—C bonds, as in carbides. Since the absolute absence of nitrogen has not 
been proved, there is also the likelihood of Fe—N bond formation, as shown by 
Rideal and Wright [ron could also exert its effect via the C—O bonds in the 
proposed by Long and Sykes It mav also be recalled’ that with 

wwnetic susceptibility was found in 


num in pat im 
The relation of the magnetic susceptibility to 


paramagnetic earbons t 
the same te mpe! if 


the catalytic activi yariou rbons will be discussed presently 








ceptibilit 


In recent years he significance ol the electron characteristics ol solids in 
re lation to their cat ilvtic activities has been parti ular! stressed by Ric naecker 
Couper and Eley", and Dowden and Reynolds More specifically, 


of electrons with unpaired spin should become apparent in reactions 
the rate of transfer of single electrons between a solid 


and Bade 
the presence 
which are controlled b 
catalyst (carbon) and 4 liquid substrate, e.g hydroxyl free radicals produced 
by the decomposition of H,O It is generally agreed that the increase of rat 
composition of HyO, by transition me tal ions'®, or metalli 
ides in the so-called redox-activa- 


to the init ation by the 


' 1 
alloy ¢ italysts . 
ition olf organ pe rox 


of traces of heavy metals is due 


HO, + electron donor >OH OH 


f decomposition in the presence of carbon blac k 


This requires that the rate of 
catalysts should increase with the number of unpaired electrons 
tal results obtained with carbon black heated at different temperatures in 
The rate of decomposition of H,Q, is a maxi- 


ki xperimen- 


nitrogen are shown in Figure 4 
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mum with the carbon black activated at 900° ¢ This might arise from the 
introduction of further hydroxyl groups to the surface from the decomposing 
hydrogen peroxide with the semiquinone equilibrium shifting to the higher tem 
30 


perature region The manometer readings given are those obtained 
minutes, since with longer periods the gas pressure began to decrease, owing to 
slow oxidation of the carbon black to CO hus mple of carbon black, 
outgassed in high vacuum for several hours and treated with H.O 
gas containing 0.74 per cent CO Adding ¢ ihe id a negligible 
this catalysis 

A process similar to that given in Kquat |) for the decomposition of 
hydrogen peroxide may thus arise from the irreversible combination of one -OH 
radical with the carbon surface, leading the com OH radical to initiate a 
chain reaction 
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It Is gene rally agreed that laboratory 
duly severe conditions, and that sticky surfa 
leading to fictitiously low figures from clogging « 
smearing can be detected, the abraded rubb 
of parallel ridj yroceeding perpendicular t 
Schallamach’® called the abrasion pattern and 
load and the mean radius of curvature of the 
If the plasticized rubber surface, consistit 
chance to recover, it will do so to a marked deg 
Plate J depicting two abrasion test Samp 
that with intermittent abrasion in the absen 
abraded chips reweld and thus produce the 
end of the abraded surface. This phenome: 
scribed by Outwater and Shaw’ when grinding 
Those authors showed that the grinding lores req I wer UnUsSUI 
sometimes 25 times as high as the corresponding val in alr In the 
of oxygen, the steel chip rewelds to the finishe: rface as it curls bacl 
work, and because of this the same metal ma ve to be sheared seve 
before it finally leaves the system as a free chiy This phenomenon 
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explains why the energy required to abrade rubber is so much higher than the 
theoretical maximum energy required to break chemical bonds and by tearing 
out particles from the rubber to create new surface”. 

There seems to be little doubt that both smearing and the development of 
abrasion patterns are caused by plastic flow similar to that observed during 
mastication in a mill. If abrasion breaks the chains of the rubber, then the 
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ontents of rubber compounds, prepared with heat-treated carbon blacks, 
e and after abrasion. @ Parent rubber Abraded chips 


free radicals produced recombine rapidly, but a relatively small number react 
with the oxygen of the air to produce plastic material which will be rubbed off 
The oxygen content of the abraded flakes or chips is always higher than that 


of the parent rubber samples (Figure 5 The somewhat erratic results might 
be due to contamination of the microsamples by grit particles of the abrasive 
It is obvious, however, that during abrasion the rubber picks up oxygen at an 
extraordinary rat 

tesults of a limited number of abrasion tests (three runs each) are given in 
Figure 6, which also indicates the fluctuation of tests. Within the limits of 





ABRASION AND WEAR 1443 


variation there are two distinct minima,in abrasion loss: that with the virgin 
material and that with the black obtained after heating to 700° C in nitrogen 
It is possible that the protection provided by the strongly acidic untreated 
carbon black is duc partly to its polyphe nolic character which enables it to act 
as an antioxidant in a fashion similar to that suggested by Bolland and Ten 
Have”, the essential requirement being the conversion of an active chain 
carrier to a stable product, which may or may not h a free radical character 

The pronounced effect of the 700° C-carbon (see Figure 6) cannot be de 
scribed in the conventional terms of antioxidant activity, for example, by de- 
stroying active hydroperoxide free radicals, as no known antioxidant can satis 
factorily replace the carbon black It is is assumed that the increase of abra 
sion resistance is due to recombination of the products of chain scission, it 
would be logical to assign the action of the higher temperature carbons to their 
reaction with the depoly merization products With rubberlike materials 
peroxidation has been shown to be the prerequisite of molecular breakdown 
responsible for an amazing fall in the molecular weight Although the scission 
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Kia. 6 Surface areas of heat-treated carbon blacks and abrasion resistance of rubber compounds, prepared 
with them (volume loss in ml. after 50 revolutions on N.B.S. abrasion machine) 

sets in unpreventably during the adsorption of oxygen, even at room tempera 
ture, a resonable rate of reaction usually requires thermal promotion. The 
immediate products of peroxide decomposition are invariably active free radi 
cals, some of which may not react readily with oxygen but rather combine with 
a carbon surface It is also conceivable that such primarily formed bonds 
hetween carbon and rubber may eventually in the course of further shearing 
action break up again and allow some of the original chain fragments to re 

combine It would be in this indirect, catalytic fashion, that the pol mer 1s 
protected against the attack of oxygen and thus prevented to a marked degree 


| ’ 


from depoly me rization, with formation of viscous and tacky breakdown prod 
ucts 

The que stion as to how to improve abrasion resistance can thus be reduced 
to the mort precise one 4s to how to protect an unsaturated rubber compound 
against depolymerization. The problem, reformulat in this manner is, of 
course, closely related to the one concerned with aging and the general study 


of the action of antioxidants, where particular attention will have to be paid to 
antioxidants of the oxidation-reduction typ 
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SUMMARY 


carbon blacks of approximat ly constant surface area were pre- 
ing a strongly acidic carbon black in Ne in the range of 200-1000 


adsorption capacity for alkali and acid, catalytic behavior in H,O. 
} 
I 


iave been studied and related to 


decomposition, and magnetic susceptibility 
their effect on abrasion resistance when incorporated into a standard tire tread 
stock in the absence of antioxidants 

It is suggested that there are, at least, two distinct chemical mechanisms by 
which carbon blacks can produce reinforcement, that is, by their (irreversible) 
ction as polyphenol type antioxidants (acidic low-temperature blacks), or 
in a catalytic reversible fashion through t mporary stabilization of broken 


rubber chains on their surface (neutral medium-temperature blacks). 
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(1) Chance variations, defects in manufacture of the tire, unbalanced 
mounting and spring arrangement, non-uniform braking, et« 

2) Type of driving (manner of accelerating and braking, speed 

(3) External circumstances (road surface virves, steepness of grades 


temperature, moisture). 


It has turned out that in a standardized wear experiment the variations 
mentioned in (1) can be largely eliminated, and that with exact instructions to 
the test driver and by control with a tachograph, the conditions of (2 
can be held fairly uniform. Further it has also proved possible, by choice of 
typical stretch of road together with the above standardization obtain a 
fairly good uniformity of conditions by which a des if severity he experi 
ment is made possible which simulates sufficie: well the practical conditions 


prevailing in the respective countries 
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Since normal use defined in this way is on in ay ge value, and certainl 


extreme values on both sides as well can occur in actual service in every count 
vear measurements should be extended to co much more severe as well a 
considerably less severe tests. In this connectior very great enhancement of 
the intensity can be effected, and, moreover 

out the test on a racing route, Montlhéry 

increased fiftyfold, for example On the other ! ne intensity 

varied by the choice of the motor vehicle and tl ee In normal use 
wear is five to ten times less with a little car like the Renault [IV than with an 


merican car of average size, e.g., the Ford 


What value can be plac ed, now, on the! | ) standardized wear ex- 


periment? Not only should the variability in the relative wear resistance in 
the case of repeated tests with the same set of tires under the same conditions 
be recognized (repeatability), but also the iiabaill yf * wear resistance 


when this is determined with different sets of tires of the same composition 
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icibil Furthermore a measure of the reliability of the ratio of 
length of life for two tires should be found when this ratio is derived from the 
relative wear resistance obtained in short experiments (extrapolability). 

In every standard test each tire is weighed or measured four times. From 
these sixteen measured values the coefficient of variance of the wear per 1000 
km. is calculated. In our measurements this coefficient of variance is about 
10 per cent, and is the basis for the calculation of the repeatability of the test. 
For this the width of the reliability curve serves as a measure. This width 
depends, not only on the coefficient of variance of wear per 1000 km., but also 
on the nature of the experiment, in the first place on the number of test tires of 
one type and the number of comparison tires of one sort per experiment, and in 
the second place on the number of repetitions of the test with the same tires. 

Figure | gives a picture of the breadth of the reliability curve with different 
numbers of tires and repetitions. Having learned from this the importance of 
repetitions of a test in the reduction of the reliability range, we now turn our 
attention to the question of the value of repeating the test with new tires of the 
sametype. In this connection we should realize at the outset that all tires of a 
given type will show deviations in their properties, and therefore in their wear 


TABLE 2 


AKIATION COEFFICIENT OF THE MEAN WEAR VALUES IN THE 
STANDARDIZED Wear Test witn Tires ON THE Roap 


: 


ry large 


0.142 0.122 0.114 0.100 
j U2 4 O21? ) Pus OAH 
0.100 0.088 0.082 0.070 
0.160 0.142 0.148 0.140 
0.082 0.070 0.066 0.058 
0.128 O124 0.120 0.116 


ments with different 


resistance f, therefore, a number of tires of the same kind are tested in n 
different ways, then not only will the uncertainty of the test manifest itself but 


ariation in the characteristics of the tires. This problem can be 


the normal methods of test statistics and gives, for example, a 


] 
i 
for the probable deviation of the mean obtained from the investigations 


t to the unknown) true mean value 
thie influence ol the variation coeth ients of tire quality and 
ariation coefficients of the end result If the tire quality 
petitions should be made with new pairs of tires 
is the variation 


V, is the variation coefficient of the average wear 
ime kind The upper figures in each pair are based on 
0.10, J 0.10 The lower figures are based on the 
Vo 0.10 
a wear experiment should always be translated for 
wt of life expectancy. One criticism of the method of 
short duration is the question of the change of character- 
of the tread during the travel. To answer this question reference can be 


to a number of studies in which the whole wear curve of a tire has been 
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determined. As a further answer we refer to our own experiments described 
in the following section, which demonstrate the absence of change of the rela 
tive wear resistance during the life under constant conditions 


RESULTS OF THE MEASUREMENTS 


The first question we have studied in wear measurements is that of the rela 
tive wear resistance of natural rubber and synthetic rubber. By “syntheti 
rubber” is meant here the product of the American synthetic rubber industry 
which is currently the best suited for tire treads, namely cold GR-S or low 
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the wear resistance of cold GR-S Was Compa 
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15° C natural rubber has etter wear re- 


The dashed curves in Figure 2 indicate the region 
of these tests, the regression line should be found 


cent statistical certainty 
“t interesting to note that essential‘ 


have been ob- 
American workers. Various groups of American investigators have 
carried out wear measurements on automobiles in the years 1951 to 1954. These 
are summarized briefly in Figure 3. When it is considered that it is here a 
question of completely independent experiments made with very different 
methods, the agreement 


y ! is certainly satisfactory The striking thing is that 
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because hitherto 
ave usually been performed in Texas, where 
and the summer temperature about 30° ¢ 

For calculations of the behavior of cold GR-S and natural-rubber tire treads 
ervice, the regression line of Figure 2 could accordingly be used. Totest 
also undertaken wear measurements with non-standardized 
ts Other vehicle types (Commer Truck R 762 and Renault-I\ 


| and othe 
ivel routes were chosen 


The tread surface profiles were also varied These 


periment » still in progress and thei 


omplete statistical evaluation is 
lac King ut in | igure 4 the results that are : lread\ 


il available are plotted 
th account being taken of the reliability region for the wear resistance and 


range ol mperature variation of the ambient 


In spite of the dispersion 
the results seen that no result deviates upward very much fron 
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Life of truck tires (according to K jothun, Greer, 1955 

Ordinate: Life val 
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what the results would be in the case of truck tires. To 

wen able to carry out many experiments on truck tires 

Rinne, Sjothun, and Greer may provisionally 

These authors have compared truck tires 

ones which contained 35, 50, 68, and 87 per cent 

ons 100 per cent GR-S was not investigated. The 

onclusions. The first is that here again in these experi- 

ments the relative wear resistance of natural rubber and cold GR-S depends 

more or less on the ambient temperature and that approximate equality is 

reached at 15° C The second conclusion (see Figure 5) is that the addition of 

cold GR-S always leads to a shorter total life, because in truck tires the heat 

build-up of cold GR-S and the consequent destruction of the tire have a greater 

influence than the wear resistance. Our discussion of the advantages of natural 

rubber and cold GR-S treads must not for the present be extended to truck 

tires 

FUEL CONSUMPTION 


FUEL CONSUMPTION AND ITS PRACTICAI SIGNIFICANC! 


The combustion of fuel in a motor produces energy and heat. The energy 
which forms only a fraction of the thermal value of the fuel, is used up in very 


TABLE 3 
GR-S 
NR 


(Boo) iN VARIous Sraces or ABRASION 


Re_ativE Wear Resistance v( 


) AND 1T8 RELIABILITY RANGE 


Ambient temperature 2°-3°C 


Average speed SO km. per hour 


’ 


After 5 


Orasi 


Ford Mainline 78; By 67 9] 79; Bs 70 — 90 
Renault Frégatt = 85; B, 68 106 i 85; Byo = 68 106 
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different ways. Acceleration of the vehicle, whether 
velocity, or to change the direction of travel in going 


only a small part of the energy. By far the greater portio 


frictional forces. One can distinguish between the friction 
the surrounding air, friction in the drive, betweer 
of ie tire surfaces on the road What is often overlook 
friction in the interior of the tires when they are subjected to deforn 
When a piece of rubber is deformed, energy is expended, and 
case this energy is completely regained with elastic retraction Act 
ever, this is not completely the case. Instead, part of the energy is 
form of internal friction, and the extent of this loss depends on the char: 
properties of the rubber. The non-recoverabie art 18 called h jateres 
and obviously the fuel is expended in this hysteresis loss in the tires 
other frictional losses, this loss must also be duced as fs 
ec onomical driv ing. 
Now it is known that cold GR-S vulcanizates 
hysteresis losses than the corresponding natu! 
COMPparison of the economy of cold GR-S ane 


should not be o erlooked 


MEASUREMENT OF FUEI 


surement of fuel consumption in 


scribed in the technical literature. When 
,roups of factors, which all combine to 
taken into consideration, it becomes evir 
of cold GR-S and natural-rubber tires place 
required, sJecause of the great influence of 
urements under steady operating condition 
ences. 

The experiment was arranged as foll 
Mainline) with natural-rubber tires travel 
stretch of an automobile road After the « 
at the prescribed speed, all temperature 
are begun With travel in one direction 
with the amount of fuel contained 
Both during the measurements and over 
speed is held constant at the prescribed rate 
is about | km., and this is determined by 
light “fifth wheel”. These six observations of ve yne directior 
followed by six similar ones in the opposite I iQ 7 he whole e 
is then repeated once or twice more Im l following this 
natural-rubber tires are replaced with simila t-S tires and the 
ment is repeated several times with these ti | 
ments is made with the four natural-rubber 
described furnishes one observation The wit 
the most important disturbing factors 
usually made at night 

tepetitions at the same speed or 


provide f irther observations 
If there is no particular need for 


ervice, other methods can be used 
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detern 


of the rolling friction of the two types can be 
mined mechanicall 


made. The rolling friction can be 
illy under standardized conditions by means of a special 
and it is directly related to the f 


fuel 


ipparat is 


consumption. 
NATUR 


ACCURACY AND SIGNIFICANCE 


MEASUREME)D 


NTS 


OF FUEL CONSUMPTION 


From what has been said the significance of fuel consumption measurements 
can be directly deduced. The objection might be raised that our results apply 
only to steady operating conditions and not to extremely variable conditions of 
service. However, it must be realized that the steady state condition is 
one for making the measurement, but that on the 
measured differences in hysteresis loss of 


f the two types of t 


Necessary 


a 
hand the 
res will still hold 
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Ss 


non-steady operating conditions In this measurement the travel 
ilternately with two sets of tires 
conditions be tl 


that it is reprodt 


The accuracy of the 


and it is absolutely essential that the 
1¢ same for both. The steady state condition is so well defined 
icible, whereas non-stationary states are not 

observations 18 satistactor' 
ies. T : 


ol measured val 


because of the large number 
The results represented in Figure 6 give an average value 
with a reliability range (for 90 per cent statistical certainty) of 0.8 to 2.6 per 
cent and 2.7 to 3 r cent, respectively Every observation ‘is based on at 
least 24 measurements ype of rubber ar | 


nd 48 on the other 
speeds between 40 and 90 km. per 


iny systematic influence 


on the one t' 
It is interesting that the obser 


our i 
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} id rf ) temperatures do not 
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as not to be meus- 
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RESULTS OF MEASUR 


Two important series of observations were ma The first 
tires which differed only in the actual tread surfaces (soles The two sets of 
four tires consisted of natural rubber with the exception of the tread surfaces of 
one set made with cold GR-S. The soles of natural rubber or cold GR-S were 
bonded by recapping onto finished new tires. Formulation and preparation 
are given Table The difference in fuel consumption here amounted to 
about 1.7 


In the second series the two sets differed not only in the tread surfaces but 


also in the side walls, which in one case likewise consisted of GR-S The tire 


in this second series were new throughout, i.e., not retreaded The difference 
in fuel consumption here was 3.3 per cent ide wi yb have a 
considerable influence. The absence of any infl ce of ambient temperature 
and speed have already been pointed out r results are in agreement with 


earlier ones of Evans (1948 


TABLE 4 


COMPOUND FORMULAS or THE Trre TREADS 
(Tire Dimensions 6.70 * 15) 


Smoked sheet rubber (RSS 
No 1) 
Polysar Krylene (“cold rubber’’) 
Zine oxide 
Stearic acid 
Sulfur 
Santocure 
Di-o tolylguanidine 
Phenyl-2 naphths lamine ] 
Vultrol O05 
Dutrex-55 ; 
Vulean-3 (HAI 50 


Preparation Recapp 


Vulcanizatior 60 min 


A further confirmation has been obtained 
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temperature is expressed in terms of money. There is obtained in this way 
therefore, for the country selected, a curve showing price difference vs. tempera 
ture. This curve has to be further corrected because of the greater fuel cor 
sumption when the driving is done with cold GR-S tires. Even with equa 
tire life, it is certainly an advantage to save some fuel. Since our observations 
on fuel consumption showed no dependence on temperature, this correction only 
produces a parallel displacement of the curve of price difference vs. tempera 
ture. As an example, the resulting curve for West Germany is given in Figure 
7 (lower diagram). With the aid of this curve every car driver in West 
Germany can calculate for himself what is the advantage or disadvantage of 
natural-rubber tires. For this he needs only to know how many kilometers 
he has gone at the different temperatures 

The upper half of Figure 7 gives a view of the distribution of kilometer per 
formance (mileage) of all private cars in Vest Germany. The percentage of 
the tire mileage at the different temperatures is given. In deriving these re 
sults, use was made of some statistical data on the traffic density in different 
months of the year. These data were from the Central Bureau voor de 
Statistiek in the Hague. Also the meteorological mean temperature values fo: 
definite hours of the day and months of the year were taken into account 

The conclusion for West Germany is that, on the average, there is a distinct 
advantage in driving with natural-rubber tires. Conclusions for other count 
ries can be drawn in a similar manner. ‘They are given in very brief form in 
Figure 8. 

Surprisingly enough Figure 8 shows that GR-S is advantageous only in a 
very warm, i.e., tropical, climate. In all other countries, natural rubber shows 
more or less advantage. An estimate by J. C. Gerritsen, to whom we also ar 


indebted for most of the preceding calculations, shows that over 70 per cent of 


the motor vehicles in the world can run more economically on natural-rubber 
tires. 
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THE STRUCTURE OF CRYSTALLINE 
1,2-POLYBUTADIENE AND OF 
OTHER SYNDYOTACTIC 
POLYMERS * 
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INTRODUCTION 
etron diffraction studies of polymers of 1,3-buta- 
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clective catalyst The dese ription of the preparation ol! these catalysts, 
made it possible for the first time to prepare these new polymers 

will be separately published by one of us (G. N.) with L. Porri 
Infrared analysis carried out by Ek. Mantica and D. Morero in our Institute 
has established that one ty polymers obtained with 
of the 


yhous 


th: r synthesis was carried out 


pe of these crystalline 
sts represents a continuous 1,4-trans arrangement 
diffraction has shown that this material is dimory 
stable at room temperature and 


heterogeneous catal 
monomer unite X-ra 
line modification that is 
x-ray melting point of a pol 


having one cry 
another stab 60° C The x 
ler of 100,000 is around 130° ¢ 


molecular weilg I orde! 


The low-tem ire modification has 


mie hy iving a 


in identity period o tlong the 
ixis and a hexagonal packing with a period of a 1.54 pendicular 
try of the crystals, as a whole, is lower The high tem 


chain 


thereto hut the rridne 


seems to have the chains in helicoid form 


perature mor on 
of 1,2-monomer units 


' 
er consists essentially 


iyi 
vn that more than 90 per cent of its double bonds are 
10 per cent represents a mixture of cts and 


J 
oportion of 1,2-units, the more crysta ne is the ma 


nfrared ibsorption curves of two different typic 


ping i@ latter 
ch we 
of the 


polybutady 
Loge they 


| 4-trar 


melting 
ind non 


we (125 


rubbery melting 1 pric if} 
130° C | polypro ‘ | 7 which 


im il i 





SYNDYOTACTIC 1,2-POLYBUTADIENT 





o 
© 





T% TRANSMISSION 
Psy 
oO 
| 
| 
} 




















TRANSMISSION 


* 











es oa 
12 13 
WAVE LENGTH (MICRONS) 


1.—-Infrared absorption spectra of 1,2-polybutadi« 
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not wotacts Indications of imperfect crystallinity 


ported for a few known polyvinyl derivatives of nonisot 


stretched fibers of polyvinyl chloride prepared with the aid « 
initiators The few and not sharp X-ra fraction spots 


terials were correlated with the presence of a ] 


stituents alternating in p- and L-configurat 
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inter registration curve of the reflections of 

ylybutadiene with Cukg radiation 


Zigzag 


The absence of sharp and well-de 
possible a very profound stud 


eloped fiber diagrams did not make 
of the structural details of these materials 
X-RAY INVESTIGATION 
1 ,2-Polybutadiene, a white easily moldable powder, was investigated with 
Cuk, radiation and a Geiger counter; it gives diffraction maxima distinctly 
different from those of isotactic poly-a-butylene’*; they correspond to spacings 
of 6.60, 5.49, 4.20, and 3.80 A 


ber diagram of | 
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The diffraction line of 3.80 A does not appear in samples that are molded at 
low temperatures in such a manner that a planar orientation is developed; this 
spacing therefore belongs to a set of planes, the last index of which is different 
from zero*. In fact, a rodlet of the polymer extended at high temperatures and 
cold-drawn produces a fiber diagram in which the first three reflections appear 
on the equator (Figure 3), whereas the 3.80 A spot falls on the first layer lin 
The identity period along the fiber axis is 5.1 + 0.1 A 

The powder diagram was obtained in a camera capable of operating at 
different temperatures and described elsewhere*. It was found from the disap 
pearance of the diffraction lines that the material fuses completely at 154° C 
The temperature spread, which is shown in Figure 4, corresponds to the normal! 
behavior of high polymers and can only partly be attributed to the presence of 
monomer units in different configurations which form amorphous areas 
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ELECTRON DIFFRACTION 


We have already observed with other p 
antageous to study the diffraction of elect 
because in such thin films the polymer mol sum 
orientation spontaneous! Also with ec: poly butadiens 
diffraction studies have proved to be ver 
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d polymer molecules to 
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screen with a Finch electron diffraction camera in cooperation with | 


xamined on 


INTERPRETATION OF THE DIAGRAMS 


The transmission diagrams obtained with electrons can be 
direct representation of a section of the reciprocal lattice b 
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through its origin In our special case, where the crystalli 
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and parallel to a crystallographic direction c (coinciding with ¢ 
reciproe al lattices is given by concentric circles formed by the 


planes perpe ndicular to ¢ spaced Dy | ( and ©’ nh rs coa 


radius 1:d(hkO). If one irradiates a thin film perpendicular to 


the set of their 
tersection with 


Kial to c with a 


its surface with 


electrons, the reflection plane cuts the reciprocal lattice in a set of circles with 


radii 1:d(hkO), because a and b are perpendicular to « The di 
only reflections indexed by (hkO), which form a set of circles w 


AR/d(hkO 


where \ wave length and R distance between sample an¢ 


plate Figure 5 shows such a diagram 
If the film is rotated by an angle 6 with respect to the pre 
that its plane is then inclined to the beam at (90 6), the refle 


iwram contains 


ith the radu r 


i photographic 


ous position 80 


tion plane then 


cuts the reciprocal lattice at points falling on parallel straight lines which are the 


' 
intersections of the reflection plane with reciprocal lattice plan 


] He h re fle { tion ilso falls on @ cir le ol the radius AR d hkl 
pattern ol this type and Table I the figures obtained from it 
The equatorial reflections (Figure 7) can all be explained oO! 


plane rectangular lattice, with a 10.98 + 0.10 A and b 
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each other b L/e The distance between these straight lines 
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In order to index the higher layer lines, we have used the construction indicated 
in Figure 7. On the line OP we plot, beginning at O, segments OP (hkO), which 
are proportional to all possible values of 1:d(hkO Ones does the same on the 
parallel line O’P’, OP’, which are drawn at distances proportional to l/c. If 
the lattice is orthorhombic, the circles with radii proportional to 1:d(hkl) and 
with the center in O will intersect the line O’P’ with / 1,0”P” whenl = 2 at 
points P’(hk1) or P’’ (hk2), respectively, which give us the indexes of the reflec- 
tions. Figure 7 shows that this construction can be applied successfully in our 
case, 

The best evaluation leads to an elementary cell with a 10.98 A, b = 6.60 
A, and ¢ 5.14 A. The theoretical density (assuming four monomers in the 
cell) is 0.963. This must always be higher than the experimental value (0.92) 


because of the presence of less dense amorphous areas 
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The absence of reflections Okl, for l 2n + 1 and AOl for h Zn + | 
which may not be completely conclusive because of possible very small intensi 
ties, and considerations of packing possibilities of the molecules indicate Pacem 
as the most probable space group 


DETERMINATION OF THE STRUCTURE 


For simpli ity we shall denote by ©, and C, the carbon atoms CH, and CH 
in the main chain and by C,; and C, the carbon atoms CH and CH, of the pend- 
ing vinyl groups. The general weakness of the AkO reflections with / 2n 
affirms the fact that atoms C,; and Cy, of the main chain are projected along ¢ in 


the neighborhood of z 0, Qandz 1/2, y 0. The identity period of 


5.1 A parallel to the fiber axis coincides with the presence of a plane rigid zigzag 
paraffin chain, with a periodicity represented by four carbon atoms. BSine« 
this identity period corresponds to two monomer units, one must conclude that 
the two vinyl! a Ups alternate in opposite positions, 48 il they were attached to 
two asymmetric carbon atoms that have the L- and p-configuration, respectively 


" 


Such a distribution has been propose d to ¢ Kplain tne diffuse scatt ring of poly 
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vinyl chloride, although the diagrams o veal a much lower de- 
gree of order than in the present cas 
rom 1 Bpace group acm i MOIecule LUSt 148 & plane 

J the 8] p P t lecule itself | lar 


1/2 Long ¢ The plan paraffin chains 


of symmetry with a translation period of 
therefore lie in the planes (0, y, z Assuming now a certain chain model in 


concordance with these conditions possibli 

cell and to calculate the structure factors with only one variable parameter 
along direction b. In order to localize the vinyl groups in a tentative fashion, 
one is guided by the exceptional intensity of the (201) reflection, which indi- 
cates that these groups alternate n the 
one into the other wi spect to the adjacent molecules as one proceeds one 


half of the identity period alon igure 
of the reflectivity of the chain carbon atoms 


to localize the molecules in the 


p- and L- configuration, changing from 
. qually important is the 


high intensity of 
because h 3 an I I j robably main ( used by thi arrangements ot! 
the vinyl groups 

In the calculation of the structure factors, we have assumed the atomic dis- 
d found that a model with a 
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gave the best agreement between experimental and calculated intensities (se 
Table II). This model, as any other model in which the chains are planar, 
leads, however, to a crowding of the atoms C; and C, (3.9.A) and also to a 
rather close approach of the C, atoms of the same chain, which appears to be 
excessive in view of the distances between the other carbon atoms (ca. 4.2 A 
of the model. 

We have, therefore, examined other models in the same Space groups by 


T 


making slight adjustments of the above coordinates, abandoning the complete 
planarity of the backbone chain. One arrives at a better agreement and at a 
better packing of the molecules by a model not much different from the above, 
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Tasie Ill 


VAN DER WAALS’ DISTANCES BETWEEN Aroms OF DIFFEREN’ 
CHAINS FOR THE SECOND Mopel! 


C 
C 
Cs 
Cc 
C 


« (same chain) 


in which the chains are somewhat nonplanar It is shown in Figure 9, and its 
coordinates are 
0 0.916 0 
0.014 0.0450 0.250 
0.136 0.143 0.250 
" 0.143 0.342 0.250 
Table Il shows a comparison of the experimental intensities with the F 
values comput d for the two models The van der Waals’ distances between 
carbon atoms of different chains corresponding to the second model are all 
equal to or larger than 4.0 A and are given in Table III 
The calculated structure factors favor to a slight extent the second model, 
but only a more detailed structure investigation (probably only with the aid of 
better x-ray diagrams) can finally settle this question 


The valence angles: 


113°, in good agreement with other reported values‘, 


in the main chains are 
polypropylene 114 iP polyisobutylene (11 | ) 


such as polyethyle ne (111%), 
and polystyrene (116°). 


with planar chains 
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DEFINITION OF SYNDYOTACTIC POLYMERS 

The structure of 1,2-polybutadiene as described in the preceding paragraph 
| its characteristics. It is the first case of a poly- 

vinyl derivative in which a regular alternation of the p- and L-configuration of 


the substituents has been established, and also is the first case of a polyhydro- 


merits a special discussion ol 


carbon of high molecular weight combining asymmetric carbon atoms with a 
relatively large substituent which is crystalline, and the chain of which is essenti- 
ally planar. It may, therefore, be interesting to compare this structure with 
SOTACTIC STRUCTURE SYNDIOTACTIC STRUCTURE 


poly-a-butylene poly-|,2- butadiene 


© +O—O 


ca i 


iets P~s 
, 
dy 

o™~/ 


Pt 


e) 


) C (MAIN CHAIN) 


QO ( Of CHAIN 


olefins which show simply a regular succession of tertiary 


| 


eric configuration alternating with CH» groups 


December, 1954, we 

rs ol alpha ole- 
length, the asym- 
‘ configuration. These materials 
have high melting poin and possess in the crystalline state helicoid chains 


that ym those found in | 2-poly butadic ne Gower structure 
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in Figure 10). This structure differs rather noticeably from that of an iso- 
tactic polymer such as poly-a-butylene, in that, if the main chain of the latter 
were completely accommodated in one plane, the substituents R would be all 
above or all below that plane (upper structure in Figure 10). 

In reality, because of the steric interference of the C.Hs groups with each 
other, the main chain of poly-a-butylene cannot possess a planar structure and 
does assume the helicoid configuration described in an earlier paper, whereas 
in the 1,2-polybutadiene a certain degree of planarity is possible for the main 
chain because of the more favorable arrangement of the vinyl groups. The 
difference between the two structures becomes more evident if one examines the 
projections of the main chains on two planes—one perpendicular to and one 
parallel with the axis of the molecule (Figure 11). Both types of chains repre- 
sent a high regularity but, whereas isotactic chains have—over a certain length 


all asymmetric carbon atoms in the same configuration, the chains of 1,2- 


polybutadiene are characterized by a regular alternation of p- and L-configura- 
tions along the length of the chains. 


TABLE IV 
LATTICE SPACINGS OF POLYVINYL CHLORIDE 


Indexes d(experimental), A i(theor 


200) ates 

010 

110 1 

210 3 
2 


0.39 


310 y 

We propose to call all vinyl polymers with alternating p- and L-configura 
tions of their substituents (like 1,2-polybutadien yndyotactic polymers, using 
the Greek words tatto (put in order) and syndyo (every two). 


STRUCTURE OF POLYVINYL CHLORIDE 


In connection with our results on the structure of 1,2-polybutadiene, we 
have resumed the study of the x-ray diagrams given by other polyvinyl com 
pounds of equal identity period, such as poly vin loride, to find out whether 
they also possess a syndyotactic structure. Previ ly their imperfect crystal 
linity did not make ques le sufficiently thorough investigation 

Orie nted fibe rs of poly vinyl chle ride, pre pared with the aid of free radi al 
catalysts, give an x-ray diagram with imperfect layer lines, indicating the 
existence of laterally ordered domains (about 50 A wide) with a rather poor 
order along the length of the chains. The diagram reveals equatorial reflec 
tions with d 5.39, 4.78, 3.74, and 2.94 A. These values, observed by us, are 
in agreement with those reported in literature*. The first, very diffuse, lay 
line has a maximum at d,, 5.3 A: the identity along the fiber axis is 5 
0.1 A. 

Assuming that polyvinyl chloride crystallizes in the orthorhombi 
group Pacm and that the arrangement of the macromolecules is similar t/ 
of ca 2-polybutadien: one can interpret all equatorial reflections by an ortho 
rhombie cell with the axes a 10.6 + 0.1, b 5.4 + 0.1 

In Table IV the experimental and theoretical spacings of five planes are 
compared 

The four strongest reflections of 1,2- ybutadiene have the same indexes 
010, 200 + 110, 210, and 310, 
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TABLE V 


EXPERIMENTAL AND THEORETICAL INTENSITIES OF POLYVINYLCHLORIDE 


Intensity F? 
(measured calculated) 
ZOO 5. m 

010 

110 

210 

410 

All other intensities 


Indexes d,A 
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The x-ray density of polyvinyl chloride is calculated to be 1.44, in good 
agreement with the experimental values (1.39-1.41 
Calculating the structure factor with the coordinates 


r 
C (Hs) 0.25 0.107 0 
C(H) 0.25 0.066 0.25 
C} 0.144 0.25 0.25 
one arrives at good agreement with the experimental intensities if one uses a 
temperature factor B 20 K 10~** em”, which one might better call here a 
factor of lateral disorder. Table V gives the results of this calculation 
The model represented in Figure 12 corresponds to a planar chain. Any 
deviation from planarity greater than 5° of the type found in the polybutadiene 
would lead to a discrepancy between observed and calculated intensities 
The arrangement of the molecules parallel to a leads to a close packing 
the Cl atoms of 4.4 A, in agreement with the minimum distances of 4.2 to 4. 
found in other organic structures; the distribution along 6 is determined by an 
approach between Cl and CH, of 3.93 A in accord with corresponding minimum 
gure 12 Also, the intensities 
along the layer lines are in agreement with the postulated structure; the maxi 
mum on the first layer line corresponds to (201), which is an intense reflection 
in the pattern of 1,2-polybutadiene. The lack of order along the c-axis ean bi 
attributed to imperfections in the syndyotactic arrangement of the Cl atoms 
The syndyotactic segments of the chains arrange themselves through orientation 
in crystalline areas that are relatively extended along a and b but are only rather 
short in parallel to the c-axis 
These imperfections must be caused by the fact that the polyvinyl! chlorid 
samples were prepared with free radical initiators and hence by a less regular 
polymerization process which is exposed to perturbations by chain transfer and 


values of 3.65 in other organic structures (see | 


by head-to-tail versus head-to-head addition [It is possible also that during 


the addition of any individual monomer to the growing chain the two possible 
configurations, p and L, alternate with each other in a statistical manner 
Whatever the reason for the imperfections may be, it is justified to assume also 
in this case the existence of short segments with syndyotactie structur 


SYNOPSIS 


With the aid of anionic poly merization catal . , polybutadiene of high 
molecular weight has been synthesized. It is erystall material with a 
melting point above 150° C. Electron and x diffraction studies wit! 
oriented films made possible determinations of ementary cell 
group, and the coordinates of the individual carbon atoms in the cell 
chains deviate slightly from the conventional plan zigzag structure 
vinyl group substituents are arranged in the 1-3 se with alte: 


i 


and L configurations It is proposed to call tl sty] spatial arrangeme 


head-to-tail vinyl polymers a syndyotactic arrangement. Also polyv 
chloride, obtained with free radical catalysts, contains small ordered regions 
with a structure similar to syndyotactic 1,2-polybutadiene 
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Studies of the mechanism of biosynthesis of rubber in seedlings and cultured 
tissues of guayule have established that the carbon of the isoprenoid chain can 
be derived exclusively from acetate’, and flax enzyme preparations have indi- 
cated that the branched chain acids, 6-methyl crotonice acid and 6-methyl-6- 
hydroxyglutaric acid are probably intermediates in the formation of the basic 
isoprenoid unit®. However, the requirement for intact plants or tissue cultures 
has made detailed studies of the biosynthesis of rubber difficult. We have now 
observed that incubation of C-labelled acetate results in the incorporation of 
radioactivity into rubber 

The time course of incorporation of sodium acetate into rubber is shown in 
Figure | Following incubation, the latex reaction mixture was coagulated by 


TOTAL COUNTS/ MIN. x 1073 


TIME (HOURS) 


Fia. 1 Time course of incorporation of 1-C-acetate into rubber: each incubation tube contained in 


4 itt 
reromoles, adenosine triphosphate |, magnesium fructose diphosphate 2, Colinzyme A 0.01, diphosphopyr 
dine nucleotide 0.01, ethylenediamine tetraacetate 1, potassium phosphate 1, sucrose 60 sodium acetate 


} i 
ital g approximately 5 & 10 5 , and latex 0.1 ml.; total volume 0.3 Hi 7; incubation at 
47” for the indicated time 


* Reprinted fr urnal of the American Chemical Sor y, Vol. 78, No. 14, pages 3549-3550, July 
1056 This join by the United States Department of Agriculture and Michigan State University 
was done under contract with the Quartermaster Corpa, United States Army, with use of the facilities of the 


Federal Experiment Station, Mayaguez, Puerto Rico 


1472 
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acetone and the rubber was purified for counting by acetone and water extrac- 
tion, solution in benzene-trichloroacetic acid, and precipitation as microcrystal- 
line rubber bromide, (CsHsBrz),. The addition of cofactors, as listed in the 
legend of Figure 1, stimulated the rate of incorporation of acetate into rubber 
approximately tenfold. Latex was also incubated with C'*labelled sucrose, 
carbon dioxide, sodium §-methylcrotonate, and sodium pyruvate. It was 
found that sodium 6-methylcrotonate and sodium pyruvate were incorporated 
at considerably lower rates than was sodium acetate and that sucrose and car- 
bon dioxide were not incorporated. 

The dependence of the incorporation of acetate into rubber on the concen- 
tration of latex in the incubation mixture is illustrated by the data in Table I 


TABLE | 


Errecr or Enzyme (LATEX) CONCENTRATION OF ACETATE 
INCORPORATION INTO RuBBER? 


Latex Radioactivity 

(ec.) counts in./mg. carbon 
0.00 2.6 

0.02 2.5 

0.04 5 

0.06 14 

0.08 38 

0.10 120 

0.13 210 


Latex was added to all tubes at the end of the incubation period and immedi- 
ately inactivated by adding acetone so that equal amounts of rubber were 


present in all tubes for isolation and counting 

That the radiocarbon to acetate was, in fact, incorporated into rubber was 
demonstrated by degradation of a sample of the enzymically synthesized rubber 
to levulinic acid. The specific activities of rubber bromide isolated as in the 
above experiments, of rubber bromide isolated after preliminary purification of 
the rubber by alcohol, and of the 2,4-dinitrophenylhydrazone of levulinic acid 
prepared from the purified rubber were 220, 200, and 230 counts, respectively 
per minute per milligram of rubber carbon 
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THE STRUCTURE AND VISCOSITY 
OF HEVEA LATEX. I.* 


G. VERHAAR 


INTRODUCTION 


nature of Hevea latex has been the subject of a 

ich it was established that besides the rubber 

hase is present in the aqueous serum. These ir- 

iscous, colloidal bodies were first described by Miss Homans 

called lutoids because of the fact that when fresh undiluted 

d these bodies are collected at the bottom of the tube and 

yellow appearance Ir estigations in this laboratory showed 

snot an intrinsic property of these bodies, the color of the 

y caused by the presence of carotenoids dissolved in the 

rlobules and the name iscoids was proposed inst id’, since thei 
\ or ered truly characteristic 


Hevea late s obs ad mu roscopically the viscoids appear as 


shaped, jelly-l bar yreatly varying size, ranging from about 
than 200 mi { st length 


The y do not DOossess rigid forms 
| 


Obvur 


jusly in rheological experiments 


i lntex occurrence iscoid will gre it! influence the results 
lnetor 


4 24 hour 


Irom a liquid into a solid ¢ rul i (gel lormation 
cosit 


with 


ny 
nin 
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hetwee! yt \ . nphenomena and the 


Osit 
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pped latex change s within the course 
In carrying 


easurements it is the naintain a rigid time 


ler to obtain comparable 


| ) lits I ) academik standpoint 

w to the handli I it would be of 
the influence « ddition of ¢ non preservatives 
t of dilution 
ittention will d to wossible rela 


e& ol vise oids 
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i Brookfield synenroe le 
of this instrument is the 
rotating at a definite constant 
\ series of ndles Various 
COSI 

OU Tr.p.m 


found 


termini 
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In working with fresh latex the following time schedule was maintained 

The latex to be investigated was collected from the cups on a given clor 
plot between §$:00 and 9:00 a.m This latex was brought to the laborator 
and screened through a round-hole sieve, having perforations of 0.5 mm. diam 
eter; it was then treated with various amounts of preservative or water betwee 
9:45 and 10:15 a.m Viscosity measurements were carried out from 10:15 to 
11:45 a.m. at room temperature (28° to 29° ¢ ind immediately afterwar 
samples were observed through the microscope 

By this method the influence of the time factor was minimized | 
possible and « ompar ible results were obtained This does not necessaril 
that the data found are directly related to those determined with other 


ments 


SPINDLE 2 





In fluence 


The value used for calculation of the viseo 
ings, each reading taken after a rotation of the ) , seconds 
period of 10 seconds for stopping the dial and allowing pointer to return to 


Zero 
STRUCTURAL VISCOSITY HEVEA 


To determine the influence of rate of sh ol iscosity of the material 
under test the spindle of the Brookfield viscometer was run at four different 


' 
p.m The influence of fr on between spindle an 


} 


speeds H-12-40-60 r | 
could be ascertained by changing spindles (the 


»} 


| has the same diameter as on spindle No 


mm. for spindle No. 2), providing in both 
100. For Hevea latex only spindles 


Figure | gives at ical example of 


; 

on the viscosity of ammoniated field latex 
greatly depends not only upon the rate of 
spindle An increasing speed yields a gra 
whereas a larger friction surface gives a further 
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SPINDLE 2 


20 40 60. 4860 RPM 


Influence of rate of shear on the viscosity of latex concentrated to 61% 
DRC and preserved with ammonia 


enon is observed when latex concentrate is tested as shown by Figure 2. Two 


examples of viscosity curves of fresh field latex are given in Figure 3, Curve A as 
typical for a high viscosity latex and Curve B for a low viscosity latex. 
The fact that the viscosity value found depends upon the conditions during 


A WAR 4 ORC = 409 
B P8186 ORC =43.9 


29 40 E 89° RPM 


In fl uence of rate of shear on the viscosity of fresh field latex 
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measurement is a characteristic of concentrated non-Newtonian liquids and it is 
clear from the curves given that Hevea latex, be it fresh, ammoniated, or con- 
centrated, can be regarded as such. 

The occurrence of structural viscosity is, in general, caused by two factors: 
first, the formation of a structure in the sol, and second, a hydrodynamic in- 
fluence on the orientation of the dispersed particles in relation to their shape 


and size. Now in Hevea latex it can be assumed that one of the factors con- 
tributing to the colloidal stability is the orientation of a number of water mole- 
cules around each rubber particle in a water mantle with a structure that pre- 
vents free Brownian movement of these molecules When the latex is at rest 


600 


A WHOLE LATEX OR< 


B68 WHITE FRACTION-~ ORC 


an appreciable amount of water will be immobilized in this way, giving the 
system a very high intrinsic viscosity. However, when a force is applied to 
this system of a magnitude considerably in excess of the forces binding the 
water molecules, this will cause a rupture of the bond between water mantl 
and rubber particle, destroy the internal structure of the latex to a certain 
extent, and therefore lower the viscosity 

The second factor, orientation of the dispersed particles under hydrody 
namic influence, will be less important for the rubber particles which are globu 
lar or slightly pear-shaped, but may greatly influence the results in fresh un 
preserved Hevea latex, still containing the viscoids in their original shape and 
size. From the fact that they are up to a hundred times bigger than rubber 
particles and easily change their shape under slight pressure, it can be assumed 
that orientation around the rotating spindle is readily obtained. The presence 
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of viscoids in Hevea latex can therefore be considered as a contributing factor 
in causing structural viscosity 

Viscosity determinations on fifteen samples of fresh latex with different 
DRC’s showed no correlation between DRC and viscosity This does not, of 
course, mean that in fresh latex the number of rubber particles has no influence 
on viscosity, but that this factor 1s masked by other factors influencing the 
structure of fresh latex, inter alia, by the number, size, and rigidity of the vis- 


coids present. The addition of ammonia causes a profound change in the size 


and shape of the viscoids* and relationships between DRC and viscosity which 
have been proposed for ammoniated latex® can hardly be exper ted to apply to 


fresh latex. 


The influence o scold n ie viscosity can also be demonstrated by 
determining the $C OS a fresh latex and of the white fraction prepared 
therefrom by centrifuging An example is given in Figure 4, showing that the 


whole latex vields considerably higher values than the white fraction although 


original DRC was 40.9 against 50.8 per cent for the white fraction 
is by centrifuging thus results in a low viscosity latex with 


moval of seoid 


vgher DR¢ 
OF DILUTION 


It is well known in estate practice that rain dilution of field latex often causes 
| 
trouble in handling the latex prior to coagulation due to a tendency to precoagu- 
lation in the field Although not much is known regarding the causes it 1s usu- 


ally ascribed to the effect of bark substances extracted by the rain‘ and little 


attention had been p iid to the effect of pure water It was therefore considered 
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of interest to ascertain the effect of distilled water on fresh field latex regarding 
its viscosity and tendency to precoagulation 

In preliminary experiments it could be established that in some cases the 
addition of certain amounts of water caused a considerable increase of the vis 
cosity ; therefore spindle No. 2 at 30 r.p.m. was used in the measurements. Data 
on two of these experiments are shown in Figure 5. It appears that addition 
of water up to 15 to 20 per cent on total volume causes an increase of the viscos- 
ity followed by a gradual decrease at higher dilutions It is interesting to note 
that latexes diluted with about 35 per cent of water had the same viscosity 
the originals 


is 


Following the process of dilution micros opi illy it could be observed that 
the increase in viscosity coincided with the formation of bigger 


viscoid com 


plexes, these complexes often including some of the rubber particles. This phe 


nomenon showed a striking resemblance to the first stage of acid or spontaneous 
coagulation It therefore seems that water alone in concentrations up to 20 
per cent is able to cause a change in the physicochemical structure of latex 
which brings the latex into a stage of precoagulation 

The formation of bigger viscoid comple xes may be ascribed to two factors 
clotting and swelling, the former caused by a decrease of the repulsive electrical 
forces and the latter by water transport from the serum into the viscoids as thi 
result of a lowering of the ionic strength of the serum, assuming that serum and 
viscoids were in osmotic equilibrium before dilution 


INFLUENCE OF AMMONIA 


As mentioned before, viscoids vary greatly in size and shape when observed 
in fresh latex; their greatest dimension may range from about 5 to 200 microns 
When ammonia is added the structure of the latex is profoundly changed by 
complete disintegration of the viscoid complexes into units, small globules 
somewhat bigger than rubber particles’. It was further found that increasing 
the ammonia content by very small increments brought about a rapid break 
down as illustrated in the following exampl 


TABLE | 

Ammonia 

per cent) 

0.000 

0.025 

0.050 

0.075 

0.100 

0.150 
When the viscosities of these latexes are determined, using a No. | spindle at 
30 r.p.m., the results are as given in Figure 6. The curves show a fast drop in 
viscosity by addition of ammonia up to about 0.05 per cent, a break in the curve 
at that point, and a slightly decreasing viscosity at higher ammonia concentra 
tions. The shape of these curves is in accordance with the results obtained by 
van Gils® 

It is known that the viscosities of fresh latex vary over a wide range and it is 

interesting to note that addition of ammonia evens out these differences By 
comparing Table I and Figure 6 it can also be seen that in the region of 0.00 to 
0.05 per cent, ammonia viscoid disintegration and drop in viscosity coincide 
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It is therefore tempting to assume, first, that the two phenomena are directly 
related and, second, that at ammonia concentrations below 0.10 per cent no 
relationship between DRC and viscosity is found because of the latex then 
being a heterogeneous mixture of viscoids and rubber particles. At higher 
ammonia concentrations such a relationship could be established’ because 
latex under those conditions is a homogeneous mixture of viscoid units and 


rubber parti les 


175) 


A 8010 - DRC: 
8: TJ.¢ 
c PB 166 








Influence of ammonia on 


INFLUENCE OF SODIUM SULFITI 


To ascertain the influence of sodium sulfite, still the most popular preserv- 
ative for crepe production, on the viscosity of fresh field latex a series of experi- 
ments was set up along the same lines as described above. Samples of fresh 
clonal latex having no preservative were used and treated after screening with 
different amounts of a 10 per cent sodium sulfite solution up to 0.30 per cent. 
Viscosity measurements were carried out within the time schedule given and 


samples were studied microscopically immediately afterwards. The viscosity 


curves of two latexes thus treated are given in Figure 7; experiments with other 
clonal latexes showed similar results, i.e., addition of sulfite in increasing amounts 
causes a gradual decrease in viscosity with the curve sloping off and reaching a 
minimum at 0.25 to 0.30 per cent. 
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A WAR 4 ORC = 376 
8 Tl = 395 


- cP 


VISCOSITY 





O15 020 025 030 *ANea,S0, 


Influence of sodium sulfite on the viscosity of fresh latex 


Characteristic differences from ammoniated latex are, first, that the curves 
are smooth and do not show a break; second, that the minimum viscosity is 
reached at a higher level; and third, that in sulfited latexes no relationship could 
be found between DRC and viscosity 

Microscopic observations confirmed previous findings’ that addition of sul- 
fite to fresh latex tends to disintegrate the viscoid complex partially. An 
estimate of the average particle size in such a latex would be approximately as 
in Table II. 

On the basis of these observations the change of viscosity in sulfited latex 
can be assumed to be related to the behavior of the viscoids in that, first, th 
gradual disintegration runs parallel with a gradual decrease in viscosity and, 
second, the level of minimum viscosity is higher than in ammoniated latex be- 
cause the average particle size of the viscoids is bigger. It can also be assumed 
that the presence of viscoid complexes of varying sizes and shapes, not com 


Tasie Il 


Sulfite A verage 
(per cent) 
0.00 
0.02 
0.04 
0.06 
0.08 
0.10 
0.15 
0.20 
0.25 
0.30 
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pletely broken down into units at the minimum ik | of viscosity, masks the 
relationship between DRE and viscosit' 


T he cause ol the 


as in fresh latex 
anticoagulating effect of sodium sulfite is still not entirely, 


clear. The specific disinfecting action may 


| 
) 
J! 


ay a role as well as the alkaline 
reaction®, but in the light of these experiments one is inclined to believe that the 
viscoids is another contributing factor This 
generalized by stating that any change in Hevea latex b 


action upon the 
addition of chemicals 
or otherwise bringing about a conglomeration of 


viscoids causes precoagulation 
and, on the other hand, any change 


that is accompanied by a disintegration of 


A 60 
6 60 


WAR 4 


the viscoids tends to stabilize the latex Microscopir in’ i of the 


vestigation 
effect of added chemicals on the behavior of the viscoids could thus provide a 
new tool in the search for other and better preservatives 


INFLUENCE OF PORMALDEHYDI 
T hie use ol form ald hyde “ue a pre servative in fi ld late xX If appare ntly still a 


controversial subject While some object to its use’, others particularly favor 


it. as in the preparation of USF rubber* Objections are on the ground that 
formaldehyde has a tendency to cause curdling or clotting in Hevea latex As 


this would probably influence the viscosity, a number of formaldehyde treated 


latexes were tested. of which Figure S gives a few examples 


As can he seen 
from these 


curves addition of formaldehyde up to about ) 15 per cent causes a 
slight decrease in viscosity followed by an increase to an end value for 0 10) per 
cent of about the same magnitude as the original latex 


It should be mentioned 
here that some curve 


determined showed irregularities at low concentrations 





may even be 
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of formaldehyde, although the over-all picture was the same as that 
Figure 8. 

It had been found previously that the viscoid volume, as determined by 
centrifuging, was increased somewhat by addition of formalde hyde and this was 
attributed to a possible increase in packing volume*. As viscoids are known to 
be rich in protein’, a contributing factor in this could be the formation of con 
densation products of formaldehyde and proteins Microscopic observations 
of the various samples did not reveal a clear, measurable change in particle 
size of the viscoids, in accordance with the relationship between viscoids and 
viscosity as discussed previously. 


ABSTRACT 


Fresh Hevea latex is characterized by the presence of viscoids of greatly 
varying size (5-200 microns) When the viscosity of such a latex is determined 
with a viscometer of the rotary type the values found cover a wide range, hay 
ing no clear relation to the initial DRC of the latex Also, with the aid of a 
rotary viscometer, the structural viscosity of fresh or any other type of latex 
can be clearly demonstrated When fresh Hevea latex is treated with ammonia 
in increasing amounts there is a sharp and regular drop in viscosity up to 0.05 
per cent NH;. This runs parallel with a gradual and finally complete disinté 
gration of the viseoids Treatment with sodium sulfite in increasing concentra 
tions up to 0.30 per cent vields a more slowly decreasing viscosity with end 
values approximately twice as high as with ammonia Vicroscopi nvestiga 
tion shows a slow and only partial breakdown of the viscoids in the same area 


Formalde hyde gave irre gular results but, in gener il did not dec rease or incrense 


the initial viscosity considerably, neither could any influence be established on 


the size and shape of the viscoids The viscosity of fresh Hevea latex is pro 


foundly influc need by addition of distilled Water giving a considerable increase 
up to 20 per cent and a sharp drop afterwards. Latex diluted with 20 per cent 
ol water was micros opically found to be in a stage of pre coagulation, with the 
immobilized rubber particles embedded in the scoid complexes It is con 
cluded that the viscoids play a dominant role in scosity phenomena of Hevea 


latex. 
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RUBBER CHEMISTRY AND TECHNOLOGY 


THE STRUCTURE OF HEVEA LATEX AND 
ITS VISCOSITY. II* 


G. VERHAAR 


Fineerone Plawtations Co., Linertia 
INTRODUCTION 


In a previous paper a method was described to ascertain the influence of 
added chemicals and of dilution on the viscosity and structure of Hevea latex'. 
It was found that Hevea latex shows the structural viscosity typical for non- 
Newtonian liquids and that the viscosity value is profoundly influenced by 
either water, ammonia or sulfite. These viscosity phenomena were studied in 
relation to the occurrence of viscoids and viscoid complexes and it was con- 
cluded that the viscoids play a dominant role in viscosity phenomena in Hevea 
latex 

In continuation this paper deals with the effect of dilution on the viscosity 
of sulfite or formaldehyde treated and ammoniated latexes, the relationship 
between viscosity and DRC for ammoniated field latex and diluted concentrate 
and the influence of the tapping cycle on the viscosity of whole latex and white 
fraction latex 


VISCOSITY OF LATEX-WATER MIXTURES 


Additional experiments confirmed previous findings that the addition of 
distilled water profoundly influences the viscosity of fresh field latex. It ap- 
peared that addition of water up to 15-20 per cent on total volume causes a 


considerable increase followed by a gradual decrease at higher dilutions. The 
increase in viscosity coincides with the formation of bigger viscoid complexes, 
as occurs also in the first stage of acid or spontaneous coagulation It therefore 
seems that water alone in concentrations up to 20 per cent is able to cause a 
change in the physico-chemical structure of fresh field latex which brings it into 
a stage of precoagulation 

For an explanation of these phenomena it may be considered that water in 
Hevea latex is present in three different forms: a) as the vehicle for the sus- 
pended rubber particles, viscoids and Frey Wyesling globules, at the same time 
acting as solvent for salts and other non-rubber constituents that are in true 
solution; b) as a hydration shell around each individual rubber particle in 
which the water molecules are arranged in a semicrystalline structure, thereby 
hindered in their Brownian movement and thus contributing to the stability 
of the colloidal system; and c) as the main constituent? of the viscoids (75-87 
per cent), in which it may be separated from the “free’’ water by an enveloping 
membrane* 

[In this system viscoids and serum are supposedly in osmotic equilibrium 
Now when fresh field latex is diluted the main immediate effect would be the 
disturbance of this osmotic equilibrium by a decrease in the ionic strength of 
the serum. Because of this the viscoids start to swell by taking up more water 
from the diluted serum to restore the equilibrium. The formation of these 
bigger complexes offers a plausible explanation for the initial increase in viscos- 
ity of water diluted latex. This view is supported by the fact that latex can be 
diluted without any apparent change in the viscoids using a 0.1 N solution of a 


* An origina! pul at 
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salt? such as NaCl or KCl. In that case the osmotic equilibrium would bi 
maintained 

On addition of increasing amounts of water there apparently comes a point 
where the complexes have reached their maximum size, coinciding with the 
peak in the viscosity curve. By addition of still more water the structure of 
the viscoid complexes will be destroyed and the individual viscoids cease to 
exist because the enveloping membranes burst and the gelatinous central bodies 
(called “luteum” by Miss Ruinen’, which in our terminology would be ‘‘vis 
ceum’’) are dispersed in the serum and mix homogeneously, although many con 
stituents may still occur in a macromolecular (colloidal) state. This phe- 
nomenon is then accompanied by a steep drop in viscosity of the diluted latex 

Most clonal latexes have an initial Brookfield viscosity (1) No. 2 Spindle at 
30 r.p.m. between 120 and 180 cp, and a maximum viscosity between 300 and 
450 cp. This maximum is reached after dilution with an amount of water vary 
ing from 16 to 20 per cent on total volume. However, PB.186 latex seems to be 
an exception in that it has a lower initial viscosity (around 60 cp) and a much 
lower maximum viscosity on dilution (around 140 ep 


TABLE | 


0 
10 
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0 l 
1) 16 
” 20) 
75 30 
100 10 
4 a 125 7) 
10 150 60 


No relationship could be found between the maximum viscosity at dilution 


and the DRC, or between the percentage of water at the maximum and th 
DRC 


RELATION BETWEEN VISCOSITY AND DILUTION 
FOR SULFITED LATEX 


The effect of sodium sulfite on the viscosity of fresh field latex has been ds 
scribed before! It was found that addition of sulfite in increasing amoun 
causes a gradual decrease in viscosity with the curve sloping off and reaching a 


i 
" 


minimum at 0.25-0.30 per cent sulfite. Since the addition of water to untreated 
latex shows an entirely different picture the effect of dilution was determin 
latex that had been sulfited previously 

For this purpose clonal samples were collected, sulfited i 
proper amount of sulfite in a 10 per cent solution, screened and diluted 
various amounts of water according to Table | Viscosity measurements 
carried out at room temperature (28—-30° ( Some typical examples o 
results obtained are given in Figure 1. It appears that at low sulfite con 
tions (curve A) the shape of the dilution curve is very much like those obtain 
by dilution of unpreserved field latex 

However, at higher sulfite concentrations (curve 
shows some characteristic differences. After an initial decrease up to about 15 


per cent dilution the viscosity rises again until a maximum is reached at 45 per 
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cent dilution. This maximum is not only shifted to a more diluted latex but is 


also much lower than in unpreserved latex. Further experiments showed that 
at still higher concentrations (curve C) the minimum occurs at about 30 per cent 
dilution and the maximum at about 50 per cent 


Now when these curves are considered in relation to the structure of Hevea 
latex an increase in viscosity means the formation of bigger V 1st oid complexes 


introduction to coagulation Therefore, the most effective preservative 


A858 “An 
would be the one that not only disintegrates the 
the viscosity of undiluted latex but also yields a dilution curve that, at a rea- 
sonable concentration of preservative, does not show 4 maximum at any per- 
centage of dilution. It follows that ascertaining the effect of a preservative on 


iscoid complexes and loweis 





ilfited Latexes on Dilution 
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rer ent wate 
Fig. 2.— Viscosity of Formaldehyde Treated Latexes on Dilution 
the viscosity of undiluted field latex and the effect of dilution on the 
of preserve d latex gives a new and easy method of evaluating the effe 


ol a preservative 


VISCOSITY OF FORMALDEHYDE TREATED 
LATEXES ON DILUTION 


Addition of formaldehyde to fresh field latex does not decreas 
the initial viscosity to any great extent, neither could any influence be 
established on the size and shape of the viscoids 

The effect of dilution on field latex treated with formaldehyde at various 
concentrations is shown in Figure 2. Curve A representa a BD 5 latex, DIE 


resembles 


39.5 per cent, containing 0.20 per cent formaldehyde This curve 


those found for unpreserved latexes except that the maximum viscosity o¢ 
at a lower level (315 ep) and at a lower percentage of dilution (12 per 
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Curve B represents an AV.50 latex, DRI 41.7 per cent, containing 0.2 per 
cent formaldehyde Here the maximum viscosity is 257 ep at 15 per cent dilu- 


tion Increasing the formaldehyde concentration yields curves like C and D 
Curve C represents an AV.152 latex, DR¢ 39.3 per cent, containing 0.39 
percent formaldehyde; curve D is a BD 10 latex, DR¢ 10.7 per cent, and 
containing 0.74 per cent formaldehyde The latter one shows a slight maxi- 
mum only (79 ep at 2U per cent dilution 
The results obtained indicate that formaldehyde at a reasonable level of con- 
centration is unable to counterbalance } lution effect However, the 
osity is considerably lower n in unpreserved latex, especially 
rmaidehyde concentrations, in a rdance with its preserving action 


ing to the theory, deve oped in @ pl ious section, this seems to indicat 
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that formaldehyde prevents the formation of very large viscoid agglomerates 
possibly DY a partial fixation of the proteinaceous eiiveloping membrane The 
maximum found also « xpl iins why dilution of formaldehyde treated latex has 
the tendency to cause curdling or clotting 


VISCOSITY OF AMMONIATED FIELD LATEX AND 
CONCENTRATE AND EFFECT OF DILUTION 


Data on the vis | ol ammonia preserved and concentrated latex have 
been published by a ors who tried to establish a satisfactory relationship 
between the DRC and the viscosity Jaechle* reports : ment between re 
sults obtained on latex up to a DRC of 45 per cent ¢ id the formula of Guth 

supensio! S| es. Rhodes® derived expressions from a large number of 
observations on fiel itexes and concentrates, which expressed the viscosity 
within the range of O percent DRC. Since these results were obtained with 


other instruments (pipet viscometer or H: 


ypler viscometer) a number of latex 


| 
samples was tested by means of the Brookfield viscometer, model LVF, using 
the No. 1 spindle at 30 r.p.m._ All tests were carried out at room temperature 


28-30" © 
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Results are given in Table II and Figure 3. In general, a higher DRC corre 
sponds with a higher viscosity, however, it is obvious from the data presented 
that individual samples vary greatly in their DRC-viscosity relationship, so 
much so that no significant mathematical expression for that relationship could 
be established. Variations up to 40 per cent occur for viscosities at the same 
DRC and up to 13 per cent for DRC’s at the same viscosity. Maximum devi- 
ations from the average curve amount to 34 per cent for viscosities and 11 per 








Viseosity- DRC Relations! for 


cent for DRC. This also means that a viscosity determination cannot be used 
as a quick and easy method of establishing the DRC of ammoniated field latex 
The lack of agreement between these results and previous findings is probably 
due to the fact that Baechle used diluted concentrate for his measurements and 


‘Rhodes based his expressions on a statistical method in which the results had 


been grouped into classes of 2 per cent DRC and the mean DRC and mean 
viscosity had been calculated for each class The equations are claimed to give 
a reliable indication of the viscosity of ‘‘average”’ latex, but no mention is made 
of the accuracy for individual samples. 
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Besides the DRC there are apparently other factors that determine the 
viscosity of this kind of latex. Among these, variability in serum substances 
may play a role or differences in particle size distribution of the rubber particles, 
but in the author’s opinion an important factor is the occurrence of the viscoid 
units with their own structural variations in each individual latex. This view 
is supported by the fact that for concentrates a much closer viscosity-DRC 
relationship is found. This was established by determining the viscosity of a 








ty-DRC Relationship for Diluted Concentrat« 


number of concentrates, both as such and upon dilution with distilled wate: 
The viseosity-DRC relationship for diluted concentrates is shown in Figure 4 
All values found agree with the curve drawn within +5 per cent This is still 
not accurate enough to permit, the use of the viscosity value as a means of 
determining the DRC of a concentrate. However, it supports the view that 
the viscoids are being removed by centrifuging and is a demonstration of the 
effect of viscoid removal on the uniformity of the resulting concentrate 

The shape of the curve in Figure 4 indicates that in this case addition of 
water does not cause any anomaly, in other words, the curve purely describes 
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the effect of dilution on the viscosity of a non-Newtonian liquid. The sam 
type of curve is obtained when ammoniated field latex is diluted, however, the 
orders of magnitude of the viscosities of field latex and diluted concentrate are 
quite different. The dotted line in Figure 3 

centrate curve in Figure 4 for DRC’s from 30 to 42 per cent. It appears that 
at the same DRC the viscosity of diluted concentrate is considerably below that 
of field latex, due to the removal of viscoids during centrifuging 


represents the portion Gl the con- 


INFLUENCE OF TAPPING CYCLE ON THE VISCOSITY OF 
WHOLE LATEX AND WHITE FRACTION LATEX 


The study of the structure and viscosity of Hevea latex was continued with 
experiments aiming at establishing the influence of the tapping cycle on the 
viscosity of both unpreserved fresh latex and the white fraction prepared ther 


TABLE III 


hole latex hite fraction rs- DRE 
rs , Viec. Y.F., % ; — 2 
(47.5 (44.7 200 32.0 

10.; 17 200 30.0 

is 15 156 24.5 

14 16 124 21.8 

17 44 136 23.9 

47 15.! 112 20.4 

45 15 138 22.3 

48 14 11] 20.0 

18 15 104 20.0 

16 14 91 20.0 

46) j 102 21.0 

45 5 OS 21.5 

15 2 97 21.0 

Of 145 24.2 

10.4 100 20.58 

44.9 24 05 20.0 

44.1 $1.3 87 20.0 

(26.1) (24.0) (59) 

12.6 39.9 ay 20.0 
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from, on the viscoid volume and on the DRC and TS of both the whole latex 
and the white fraction The latex (Tj.1) 1 
each morning during a complete tapping cycle. The tapping system in use 


was collected from the same task 


during the time was half spiral periodic, in periods of 23 days tap and 23 da 
rest (8/2, 23d/46, 100 per cent). The time schedule used to obtain comparable 
results was as follows 

Latex collected: 8:00-8:20; screened: &:30; viscosity of fresh latex deter 
mined at 8:45; viseoid volume determined by centrifuging: 8:45; separation of 
white fraction by centrifuging: 9:30; viscosity of white fraction determined at 
10:00. The analytical data are given in Table II] and presented in graphical 
form in the Figures 5, 6 and 7. They can be summarized as follows 

1. The DRC of the fresh latex gradually decreased from 47.2 per cent on the 
second day to 36.1 per cent on the 23rd day It is a well recognized fact that in 
the course of a tapping cycle the DRC gradually falls off 
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Influence of Tapping Cycle on the Viscosity of Unpreserved Field Latex and White Fraction 


2. The TS of the fresh latex decreased accordingly from 49.2 per cent to 


- 


39.1 per cent 


3. The maximum difference TS-DRC was 3.5 per cent and the minimum 
The average DRC/TS value 
No influence of the tapping day on the TS-DRC 


2.2 per cent with an average of 2.9 per cent 
amounted to 93.7 per cent 


could be found 
4. The first two days the viscosity of the fresh latex was too high to measure 


a8 Brookfield viscosity 1/30. From the third to the ninth day the viscosity 
gradually decreased from 156 cp to about 100 ep and remained more or less con- 
stant for the rest of the tapping period. Exceptions were the fourteenth day 








Fie. 6 Influence of Tapping Cycle on the Viseoid Volume of Unpreserved Field Latex. 
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on which the latex was affected by a slight rainfall and yielded a much higher 
viscosity and the eighteenth day with heavy rainfall which caused a very low 
viscosity. These results are in complete agreement with the influence of rain 
dilution as described before’. 

5. The viscoid volume was highest on the first day (32 per cent) and de- 
creased gradually till the eighth day to about 20 per cent, with exceptions on the 
two rainy days; the slight rainfall caused an increase to 24 per cent and the 
heavy rainfall reversed the order of white and yellow fraction in the centrifuge 
tube. Both phenomena were encountered before and explained on the basis of 
microscopic observations of water diluted latex’ 


A = Mite Praction 


B -~ Whole Letex 








J 5 7 y ll J is 17 i9 2 


Fie. 7 Influence of Tapping Cycle on the DRC of Unpreserved Field Latex and White Fraction 


6. The DRC of the white fraction was always considerably higher than that 
of the whole latex, the maximum difference being 10.1 per cent and the mini 
mum 5.9 per cent with an average of 8.3 per cent, similar to an absolute in 
crease of 19 per cent 

7. The maximum TS of the white fraction was 57.7 per cent and the mini 
mum 45.9 per cent with an average of 53.0 per cent, similar to an absolute in 
crease of 16 per cent 

8. The average difference TS-DRC for the white fraction was 1.9 per cent 


as compared to 2.9 per cent for whole latex. The average DRC/TS value for 


white fraction latex therefore amounted to 96.4 per cent as compared to 93.7 
per cent for whole latex. These percentages give an indication of the purifies 
tion that can be obtained by removal of viscoids by centrifuging 

9. Notwithstanding the higher DRC the viscosity of white fraction latex 
was much lower than of whole latex, the maximum being 118 ep and the mini 
mum 24 cp. This is also attributable to the removal of viscoids. The differ 
ence in viscosity value of whole latex and white fraction varied from 46 to 76 ep 
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10. The decrease in both viseosity and viscoid volume of fresh latex run 
parallel up to the eighth day and both remain more or less constant for the rest 
of the period, On the other hand, the DRC falls off during the whole period. 
This is additional proof for the close relation between viscoids and viscosity in 
field latex 


POSSIBLE ROLE OF VISCOIDS IN LATEX FORMATION 


In the preceding section the close relationship between viscoids and viscos- 
ity in field latex was mentioned. However, if the occurrence of viscoids was the 
only reason for the lack of agreement between viscosity and DRC in fresh latex, 
it could be expected that the white fraction would show a relationship between 
these two factors This is not the case, whereas Figure 5 shows that the viscos- 
ities of whole latex and white fraction do run parallel over the entire tapping 
cycle, except the last two days. This could mean that the nature of the ma- 
terial, used by the rubber tree to build up the adsorption shell around the 
rubber particles, is another influencing factor. This leads to the thought that 
both this material and the viscoids are essentially of the same composition (pro- 
teins, phospholipids From this point of view, this material is produced by 
the rubber tree for the purpose of creating colloidal stability for the dispersed 
rubber particles in the first place; the viscoids present as a separate phase, are 
then considered surplus material and nonessential in the end product from a 
biochemical standpoint. Speculating on the reason for the presence of this 
surplus material it is obvious that the amount of material needed for the forma- 
tion of a protective adsorption shell is greatly dependent on the ultimate size of 
the rubber particle. Recent investigations have shown that there is a rather 


wide spread in particle size for various Hevea clones Now it seems as if 


nature has provided the rubber tree with a biochemical system capable of pro- 
ducing an excess of protective material, so that, regardless of the amount needed 
for the formation of the adsorption shell, there will always be enough available 
to ensure the colloidal stability of the latex produced 

In a recent article Schweizer*® gave as his opinion that the viscoids originate 
partly if not wholly from the sieve tubes. In that case the viscoid material 
can only be considered as a “foreign body” or contamination of the latex proper. 
However, experimental work by Miss Ruinen and Mrs. De Haan-Homans’ has 
refuted this hypothesis. By anatomical examination it was found that in 
normal tapping not more than maximally 10 per cent of the functioning sieve 
tubes are cut and that latices, collected separately at various depths show the 
normal microscopic image with regard to the viscoids and a content of 20 to 30 
per cent when centrifuged. Collected evidence from these and other findings 
therefore led to the conclusion that the viscoids do not enter the latex as a prod- 
uct of the sieve tubes, but only occur in the latex vessels’. The parts of the 
plant tissue from which viseoids and rubber particles actually originate are still 
not known, but the possible role of viscoids in latex formation as discussed is 
not contrary to the occurrence of these bodies in the latex vessels according to 
the most recent investigations. 


SUMMARY 


This paper deals with the effect of dilution on the viscosity of sulfite or 
formaldehyde treated and ammoniated latexes, the relationship between vis- 
cosity and DRC for ammoniated field latex and concentrate and the influence 
of the tapping cycle on the viscosity of whole latex and white fraction latex. An 
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explanation is given of the shape of the viscosity curve of water diluted fresh 
field latex. It is shown that sulfite in increasing concentrations shifts the 
maximum viscosity of dilution to regions of higher dilutions and at the same 
time lowers the viscosity value at the maximum. In formaldehyde treated 
latexes the maximum viscosity in the dilution curve still occurs at 15-20 per 
cent dilution, but the maximum viscosity value is considerably lower, especially 
at higher formaldehyde concentrations 

Dilution of ammoniated field latex or concentrate yields a viscosity curve 
typical for a non-Newtonian liquid. The viscosity-DRC relationship for am- 
moniated field latexes shows wide discrepancies for individual samples and can 
not be used as a means for determining the DR¢ Individual concentrate 
samples are in much closer agreement. The influence of the oecurrence and 
removal of viscoids on these phenomena is discussed 

A description is given of the influence of the tapping cycle on the viscosity 
of unpreserved fresh latex and the white fraction prepared therefrom, on the 
viscoid volume and on the DRC and TS of both whole latex and the white 
fraction. 

Finally, the possible role of viscoids in latex formation is discussed in con- 
nection with some recent investigations concerning their occurrence in sieve 
tubes and latex vessels in the Hevea tree. 
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POSSIBLE METHODS OF RECHARGING THE SUR- 
FACES OF PARTICLES OF LATEXES STABILIZED 
WITH SOAPS * 


8. S. Voyvursxil, R. M. Panicu, anp K. A. KALYANOVA 


Until the present time it was thought that the only latex particles capable 
of recharging their own surfaces were those of natural-rubber latex, stabilized 
with natural proteins the molecules of which contain two functional groups: the 
amino group, which causes the globules to have a positive charge in an acid 
medium, and the carboxyl group, which gives them a negative charge in an 
alkaline medium. In the case of synthetic latexes stabilized with soaps, it was 
supposed that in an acid medium the soap ceased to be a protective substance 
and that the latex must inevitably coagulats Thus Maron and his coworkers’, 
who used latexes stabilized with soaps in a study of the relation between the 
zeta-potential (electrokinetic potential) of the latex globules and the pH of the 
latex, were unable to lower the pH of the latexes below 5.5 because of the onset 
of coagulation 

Our previous work has shown, however, that in an acid medium under cer- 
tain conditions it is nossible for an emulsion to be recharged even though it be 
stabilized with substances which are incapable of changing the sign of the 
charge when the reaction medium changes. Such observations impelled us to 
make a more detailed study of the recharging of negatively charged particles 
in such emulsions with the aid of hydrogen and aluminum ions. The latex used 
in this work was a synthetic latex stabilized with ammonium oleate, with total 
solids of 28 per cent. The electrolytes used for the purpose of recharging the 
particles were hydrochloric acid and aluminum chloride, since the chloride ion 


has a comparative ly small adsorptive capacity 
EXPERIMENTAL PART 


RECHARGING THE GLOBULES OF THE LATEX 
BY THE ADDITION OF ACID 


Even the first experiments showed that rapid addition of the acid and the 


proper latex concentration are necessary conditions for recharging the latex 
globules. Thus, the addition of decinormal hydrochloric acid to a concentrated 
latex invariably causes instant and complete coagulation. However, when 
hydrochloric acid is introduced into a latex solution containing only 2—4 per 


cent total solids, the coagulation either is only partially complete or does not 


occur at all 
In order to establish the relation between the z ta-pots ntial of a latex and 
the pH of the latex solution after the addition of acid, we made use of a method 
which has often been used before?. Borate buffer solutions were used as refer- 
ence solutions; the pH and conductance values of the reference solutions were 
* Translated for Runser Curemiatay ann Tecunotocy by Malcolm Anderson fri the Trudy Moakon 
skogo Inatituta Tonkol Khimicheskot Tekhnologit im. M. V. Lomonosova, No. 4, pages 30-36 (1953). The 


present address of 8. 8. Voyutskil is the Lomonosov Institute of Fine Chemical Technology, Moscow 
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RECHARGING THE SURFACES OF LATEX PARTICLES 


TABLE | 


mhos) 

5.86 X10 57.0 

7.36 X10 82.0 

1.05 X10 64.4 

1.2110 20.4 
The potenti il could not be 

measured because of coagulation 

+15.0 
+580 
+-35.8 
+12.7 


made equal to those of the liquids tested with the aid of hydrochloric acid and 
sodium hydroxide 

Kach of the separate experiments was carried out in the following manner 
70 ml. of a hydrochloric acid solution of varying concentration was quickly 
added, with agitation, to an equal volume of a latex solution containing 4 per 
cent total solids. Then the specific conductance A» and the pH of the solutions 
thus prepared were determined, after which reference solutions were prepared 
and the zeta-potentials were determined. The results of the determinations 
are presented in Table J and expressed graphically in Figure | 

It is seen that, as the pH is lowered, the zeta-potential first rises marked]; 
and then falls. This is followed by a region in which it is impossible to dete: 
mine the zeta-potential because of the general loss of stability in the latex (the 
broken section of the curve). Beyond this region, with the addition of large: 
quantities of acid to the latex, the particles acquire a positive zeta-potential 
which rises sharply at first and then drops as still larger portions of acid ar 
added 

Since the negative charge of the latex particles changes to a positive on 
when the latex is acidified, it follows that the latex must possess an isoelectric 
point. It proved impossible to locate this point by the method of electro- 
phoresis, because the coagulation of the latex interfered; for this reason we 
found the point by means of determining the pH value corresponding to the 
maximum coagulation. It was found that the isoelectric point for the latexes 
used in this work was about pH 3.9 





100 -* 


4 
60 





Fie. 1 Influence of the pH value of the latex on its zeta-potential and specif 
Zeta-potential 2, Specific conductance The abscissa represents the pH; in the 
scale represents the zeta-potentia! in millivolts; the seale at right the conductance > 
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RECHARGING OF THE LATEX GLOBULES BY THE ADDITION OF ALUMINUM CHLORIDE 


Previous experiments have shown that the addition of aluminum chloride to 
a latex containing 2-4 per cent solids likewise causes only a partial coagulation 
and brings about a recharging of the globules remaining in the latex We may 
note that the recharging in this case is achieved only when an equal volume of an 
aluminum chloride solution with a concentration of 0.001 M or above is added to 
the latex. Solutions of lower concentrations do not bring about such a recharge 

The addition of calcium chloride solutions of various concentrations to the 
latex, under any conditions whatever, invariably results in complete coagula- 
tion. However, when saturated potassium chloride solution is introduced into 


the latex, there is no coagulation but, instead, reversible flocculation 

In order to establish the relation between the zeta-potential of the latex 
globules and the amount of aluminum chloride added, we used the same method 
as in the previous set of experiments. A latex containing 4 per cent total 


solids was mixed with an equal volume of aluminum chloride solutions of 
various concentrations: the solution obtained was subjected to ele trophoresis 
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at the same pH value which it had after the addition of the electrolyte. The 
reference solutions were aluminum chloride solutions in concentrations equal 
to the aluminum chloride concentrations of the mixed test solutions. The 
sper ific conductance of the reference solutions was adjusted with the aid of a 
sodium chloride solution, and its pH by the addition of borax or sodium hy- 
droxide The results of the determinations are prese nted in Table II and 
shown graphically in Figure 2 

The figure shows that as the aluminum chloride concentration in the latex 
increases, the zeta potential drops sharply at first passing through zero where 
the aluminum chloride is 0.00055 molar, and then reaches positive values which 


change only slight!y with further additions of the electrolyt 


DISCUSSION OF RESULTS 


As we have shown, the loss of stability in an acidified latex is a condition 


observed only in higher latex concentrations, where the conditions are espe- 
cially favorable for coagulation When we acidify latex solutions low in total 
solids content, in which collisions between particles occur fairly seldom, the 
system does not coagulats The reason for this behavior is apparently that the 
latex remains stable in an acid medium as a result of the adsorption of positively 
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charged hydrogen ions by the globules. It is known that a hydrogen ion has a 
high adsorption capacity, and that in many cases it acts as a stabilizer. The 
literature makes mention of the possibility of recharging the particles of vari- 
ous colloids and emulsions with the aid of hydrogen ions, and in particular rub- 
ber globules originally stabilized with hydroxy! ions* 

The shape of the curve characterizing the relation between the change of 
the zeta-potential of latex particles and the change of pH in the latex can be 
explained easily It is seen in Figure | that as the pH rises, the positive zeta- 
potential also rises at first. This is natural, since an excessively high acid 
concentration would tend to lower the zeta-potential and compress the double 
layer of ions on the particle. Such a phenomenon has been observed earlie: 
in dilute emulsions of mineral oil. The positive zeta-potential reaches a maxi 
mum at pH 2 and then starts to drop because of a decrease of the hydrogen-ion 
concentration and an increase of the hydroxyl-ion concentration At pH 3.9 
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the zeta-potential reaches zero; then, having acquired an opposite sign, the 
zeta-potential rises steadily as the pH increases, reaching a maximum at pH 
8-9. This is because the soap content of the system increases as the fatty acid 
content decreases. It is logical that the weakly ionized fatty acid should stabil 
ize the globules more poorly than the strongly ionized soap does. Maron’s 


explanation! of the weaker stabilizing action of the acid, as being due to the 


poorer adsorption of the acid by the globules, is unsatisfactory in our opinion 
The fatty acid, being the less soluble compound, is always adsorbed better by 
the rubber particles than soap is. It is a well-known fact that when latex is 
acidified, its surface tension is reduced. This is not caused by particles of 
fatty acid from the soap going into solution, but rather by the fact that the sur 
face activity of the acid is higher than that of the soap 

After a pH of 9-10 is reached, the zeta 
to drop again, since an excess of hydroxyl ions causes compression of the 


potential of the globules starts 
double charged layer just as an excess of hydrogen ions does 

The absolute values of the positive zeta~potential in an acidic medium are 
considerably lower than those of the negative potential in an alkaline medium 
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This indicates that the recharged latex is less stable than the original latex, and 
that in this case the stabilizer present in the system is less active The nature 
of the stabilizer is apparently also responsible for the fact that the curve of the 
zeta-potential slopes more gently to the right of the isoelectric point than to the 
left of it 
Let us now consider the effects noted when aluminum chloride is added to a 
sufficiently dilute solution. The situation in this case is complicated by two 
additional factors 
(1) When the latex is treated with aluminum chloride, the latter hydrolyzes 
partially or wholly, depending on the pH, with the result that the system ac- 
quires an acid reaction. Thus, when aluminum chloride is added to latex, the 
zeta-potential of the globules is influenced not only by the aluminum ions but 
also by the change of pH in the solution which is caused by the hydrolysis. 
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acid With the addition of aluminum chil The abscissa represents the pH, the 
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(2) At pH 4 and above, insoluble amphoteric aluminum hydroxide is 
formed in the system, which is adsorbed by the rubber globules One proof 
that the aluminum hydroxide is adsorbed by the particles of the dispersion, 
in our opinion, is the fact that the coagulum obtained under these conditions 
is entirely unlike that formed when the latex is acidified; it takes the form of a 
fine precipitate or porous lumps which can easily be crushed between the fingers 
A coagulum of this type evidently results from the formation of a layer of 
aluminum hydroxide around the globules, which shields the rubber particles 
from direct contact with one another and thereby prevents the formation of the 
usual compact coagulum 

In order to exclude the effect of the pH value and to evaluate the action of 
aluminum chloride alone in the experiments where the latter was added to the 
latex, we may consider Figure 3. This diagram shows the change of the zeta- 
potential in relation to the pH in two sets of experiments. In one, varying 
amounts of aluminum chloride were added to the latex (Curve 2); in the other 
varying amounts of hydrochloric acid (Curve J 

A comparison of the two curves shows that the introduction of alaminum 
chloride causes a marked shift to the right in a curve of the zeta-potential of 
particles versus the pH of the dispersion. However, both curves have the same 


shape 
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Let us consider which ions can affect the charge of the latex parti les when 
aluminum chloride is introduced into the system. The positive potential in 
this case can be governed by aluminum ions only at pH 4—4.1 or lower Ata 
higher pH, an amphoteric aluminum hydroxide is formed, which is adsorbed by 
the globules; the positive charge on the particles may be explained by the fact 
that their surfaces contain either Al(OH),* or Al(OH)** ions, or else by the 
presence of hydrogen ions, which are still found in the system and are also 
capable of be ing adsorbed 

The isoelectric point of aluminum hydroxide, as given in the literature‘, is in 
the region of pH 7.5-8.0. This is confirmed by Curve 2, which intersects the 
abscissa at approximately this pH value. Evidently the electrical properties of 
the latex particles in this pH region are governed almost entirely by the layer 
of aluminum hydroxide adsorbed by the surface of the globules 

At still higher pH values, the aluminum hydroxide adsorbed by the globules 
becomes negatively charged, and Ai(OH),O~ ions appear on the surfaces of the 
globules. It would seem that this would enable the negative zeta-potential of 
the globules to increase, in an alkaline medium, without any change of pH 
Actually, however, this is not the case. Instead, the high pH values corre 
spond to fairly small aluminum chloride additions. No increase is noted in 
the negative zeta-potential, which is governed by the hydroxyl ions, as a result 
of the added adsorption of Al(OH),O> ions by the surfaces of the particles 

The aluminate, according to Daniels‘, is usually formed at pH 6.8, but in the 
present work it could not be obtained. The latex with which we worked con- 
tained ammonia, and it is known that in the presence of ammonia, MAIO, is 
compl tely transformed into aluminum hydroxide 


CONCLUSIONS 


1. It is shown that the surfaces of particles of a synthetic latex stabilized 
with soap can be recharged by acidification or by the addition of an aluminum 
salt 


2. It is established that a necessary condition for this recharging is a low 


solids concentration in the latex, which makes it possible for the part les to 


be recharged without the formation of any considerable amount of coagulum 

3. The opinion is expressed that recharging by acidification occurs through 
the adsorption of positively charged hydrogen ions by the particles of the latex 
recharging by the addition of aluminum salts e to the formation of an 
amphoteric aluminum hydroxide which is adsorbed by the surfaces of the 


parti les 
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EFFECT OF STORAGE CONDITIONS ON THE 
PROPERTIES OF LATEX. I.* 


H. M. Courier 


Dus vor Matayvan Ewrares, Lrv., Maracca 


INTRODUCTION 


The importance of oxygen absorption in affecting the properties of ammonia- 
preserved natural-rubber latex concentrate was first discussed in the literature 
in 1951. MeGavack and Bevilacqua’ on the one hand and the Rubber Research 
Institute of Malaya’ on the other showed that access of oxygen led to a marked 
increase of stability. Kidder’, however, who studied changes in properties over 
a period of a year, used a single sample of each latex under test and did not ap- 
parently take into account the increasing proportion of the latex exposed to air. 
He found that the mechanical stability time (M.S.T.) increased rapidly during 
the first month after tapping and concentration, reaching a maximum after 140 
days and thereafter declining slowly. Other workers have confirmed his results 
in pring iple and this plot of the ( hange of M Ss - with time has been generally 
accepts d 

With the increasing use of the M.S.T. test as a measure of the quality of a 
latex concentrate, a number of interested groups have organized round-robin 
tests between the producer and consumer countries to ensure that M.S8.T 
results obtained with different instruments in different countries were truly 
comparable. Samples of a single latex concentrate, already at least a month 
old, have been despatched from Malaya and tested in a number of different 
countries on the same date. Lack of agreement has been frequent and the 
differences recorded have been much greater than those ascribable to instru- 
mental differences 

Very recently, van den Tempel, Kraay, and Lunshof* have published further 
results on the effect of seasonal variations on latex properties. They referred 
again to the marked effect of oxygen on mechanical stability Although in the 
progress of their work samples of latex taken from a ship’s tank in Sumatra were 
flown to Holland, testing was delayed until after the ship’s arrival It was, 
therefore, impossible to judge how the mechanical stability of the latex altered 
during shipment Actual changes of mechanical stability during shipment are 


the starting point of the investigation recorded below 
RESULTS AND DISCUSSION 


{mmonia-preserved centrifuged latex concentrate, with which this paper 
is concerned, is normally shipped from Malava when it is about two months old 
Base don Kidde r’s results i slight increase of M S.T might he ¢ K per ted during 
transhipment. When, however, the M.S.T. of a sample taken from a ship’s 


tank in Singapore is compared with that of one taken from the same tank on 
arrival in the U.K., the U.K. figure is almost always the lower of the two 


* Reprinted fr e Trane ya of the I tution of the Rubl« duat s1.N 6, pages 166 


173, December 1055 
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(samples always being taken in full bottles and tested within one week In 
figures obtained over the last six months, this fall has averaged more than 15 
per cent. 

we 
sample of latex was taken from a certain ship’s tank before it left Singapore 
The M.8.T. was immediately determined and the sample divided in three, one 
sample being sent to the U.K. by air in a full botth Sample 1) and the other 
two being kept in Malaya, one in a full winchester bottle (Sample 2) and the 
other in a partially-full winchester (Sample 3 \ fourth sample (Sample 4 
taken at Singapore and sealed into a full winchester travelled to the U.K. on 
board the latex tanker, while a fifth (Sampl 9) was taken from the ship s tank 


To try to discover the reason for this marked fall during shipment, a lar 


Tassie | 


MECHANICAL STaBILiry ReEcoRDED ON SAMPLES TAKEN FROM A 
Suip’s TANKS oF CENTRIFUGED CONCENTRATI 


Sample 


No 


M.8.T. of latex at time of shipment from Singa 

Sample sent by air to U.K. inaf bottle 

Retested in U.K 

Returned by air to Malaya in a full bottle 

Sample kept for 3 weeks in a full bottle in Ma 

Sample continued to stand in the same bottle 
which had an appreciable air-space above the 
latex 

Retested 

Sample kept for three weeks in a partially-fu 
bottle in Malaya 

Retested 

Sample taken at Singapore kept in a full bottle 

and carried to U.K. on board the latex tanke 

Retested in U.K 

Retested in U.K 

Returned to Malaya in a full botth 

Retested in Malaya 

Sample drawn from ship's tank at I 

Returned to Malaya in a full bottle 

Retested 


Note After texting 
bottle to Malaya while 


on arrival in the U.K. Samples 4 and 5 were tested immediately on arrival 
and were then returned by air to Malaya in full bottles for retesting. The 
initial M.S.T. of each sample and its subsequent history is recorded in Table | 
Testing both in Malaya and the U.K. was carried out on a Dunlop-Klaxon 
high-speed stirrer’ The speed of both stirrers, or mor precise ly the speed of 
the center reed which vibrates when the stirrer speed is correctly set at 14,000 
r.p.m., was checked with a stroboscope before the commencement of the test 
series. All test conditions were in accordance with the relevant B.S] 
fication®, except that the total solids of the latex was reduced from 62.1 
per cent rather than 55 per cent before testing M.S.T.’s at 58 per cent 
transformed to 55 per cent by applying a factor of 1.2 
The wide range of M.S8.T. figures in Table I cannot possibly be aserib 
any hidden instrumental differences, or differences in testing conditions 
tween Malava and the U K since the hig he st and lowest figures were both 
recorded in Malaya When, however, the results are divided into thos n 
which the latex has stood in a full bottle and those in which it has stood in a 
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partially-full bottle prior to test, two trends may be distinguished. Whenever 
the latex stood in a full bottle, the M.S.T. fell; whenever it stood in a partially- 
full bottle the M.S.T. rose. This is made clear in Figure 1, in which results 
from Table I are plotted graphically. The fall of M.8.T. during shipment in a 
ship’s tank may, therefore, be ascribed to the exclusion of air from the latex in 
the tank. A small amount of air is unavoidably sealed into the ship’s tank with 


19004 


—--—— Latex standing in full 
Winchester 


Latex standing in partially 
filled Winchester 


—-—— Latex in ship's tank 








15th 30th 45th 60th 75th 90th 


1 M.8.T. of various samples of latex from a single ship's tank of 
centrifuged concentrate 


the latex, but its volume compared to the total volume of latex is so smali that 
it affects the M.S8.T. of the bulk to only a minor extent. Comparison of the 
M.S.T. figures of the shipments in Table I shows that, on the average, the 
M.S.T. of a sample taken in Singapore and carried to the U.K. in a full win- 
chester on board the latex tanker is 40 seconds less than that of the bulk on 
arrival in the U.K. (ef. Samples 4 and 5 in Table I 

MecGavack and Bevilacqua! were concerned in the earlier part of their work 
with poorly preserved latex, and it should perhaps be mentioned that the latex 
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used in Table I was well-preserved, having a volatile fat acid content’ of 0.11 
at the time of shipment. Starting with a latex already two months old, it has 
been possible to obtain within a month, M.S.T. values that vary by more than 
a factor or two, merely by standing one sample of the latex in a partially-full 
bottle and the other in a full bottle. This does not mean that the M.S.T. test 
should be abandoned, but rather that all samples for M.S.T. testing should be 
stored under strictly controlled conditions, which approximate as closely as 
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F106. 2.--M.8.T. of latex standing in a full bottle (Curve A) and in the 
presence of oxygen (Curve B) 


possible to those of the bulk. This usually means that the latex must be kept 
in a full bottle prior to testing, and that if a series of test figures is required over 
a period of time, then a separate sealed bottle must be opened on each occasion 

This was the procedure adopted in recording Curve A in Figure 2. In this 
experiment samples of a 6-week old concentrate were used. Besides the win- 
chester bottles sealed to provide at monthly intervals figures for Curve A, a 
further sample (Sample B) was taken in which an appreciable air space was 
left above the latex. Before sealing, oxygen was passed through this air-space 
(but not, however, through the latex itself) for a period of five minutes. When 
sealed, the latex was briefly shaken and then let stand undisturbed for one 
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month After testing, the same procedure was repeated and the latex was let 
stand a further month before retesting From Figure 2, it is seen that in the 
bsence of air (( e A) the M.S.T. fell 25 per cent in four months; while in the 
presence of oxygen (Curve B) it rose well over 100 per cent in three. In three 
months it had apparently reached a maximum, since a fall is recorded during 
the fourth mont} Figures | and 2 show conclusively how greatly even small 
quantities of oxygen affect the M.S.T. of latex 
borne in mind, however, that the magnitude of the effect will 
wes in conditions and particularly with the age of 
e and me d of preservation. The pumping of 
latex from the snip s tank in the consuming country will mix a varving quantity 
of air with the latex, and this air may prevent any further fallin M.S.T. The 
clonal make-up of the latex and the time of year at which it has been harvested 
also is probably of importance \ few figures available on the samples repre- 
senting the last month of te sting | l Samples A and B for short give 
some indication of the probable nature of these changes (Table II). 


TABLE I] 


It is well know all soap additions increase th ‘ ' latex”, and 


Kidder’ has alread corded a marked increase of the acid value of latex in his 
wing experiments. This increase of acid value is due to the formation in the 
latex of ammonium soaps similar in nature to ammonium oleate’ It is most 
surprising, therefore, that Sample B has not a higher acid value than Sample A 
The increase of M.S.T. in Sample B must be ascribed to some other cause than a 


higher rate of tat acid tormation | qu ily surprising 1s the fact that the vo 


i- 


li 
tile fat acid content of Sample 4 from which alr excluded is markedly 


higher than that of Sample B where oxygen was present The increase in 
V.F.A. for instance, during the test period is more than four times as great in 
the absence of oxygen This increase indicates the rapid formation in the latex 
of ammonium acetate, or more precisely of the ammonium salts of volatile fat 
acids The addition of small quantities of ammonium salts decreas rapidly 
the M.S8.T. of latex, and their formation would in itself be more than adequate 
to explain the fall of M.S.T. recorded in Curve A (Figure 3 

The Rubber Research Institute of Malaya’ has recently discussed the 
survival of bacteria in latex after ammoniation and processing Anaerobic 
bacteria are thought to be responsible for the formation of volatile acids in 
latex and there is, therefore, some likelihood that the changes noted in this 
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paper, as taking place in the absence of oxygen, a due to anaerobic bacteria 
This suggestion is supported by the slightly malodorous nature of Sample A in 
Table II. 

It is planned to carry out further work to study the absorption of oxygen by 


is the possible effects 


teristics of the latex In par- 


preserved latex throughout storage and shipment as well 


that it may have on the final! processing ¢ hara 
ticular, the role of trace metals in affecting oxyge ibsorption will be considered 
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There is no doubt that a full examination of 
effec ts des rite d in this papel! will vive re suit 


ing on the formulation of new preservative 
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SUMMARY 


Working with ammonia-preserved natural-rubber latex, concentrated by 
centrifuging, the author shows that the slight fall in mechanical stability as- 
sociated with the shipment of bulk supplies of latex can be explained by the 
fact that, during shipment, latex does not have access to the oxygen of the air. 
The mechanical stability of samples taken at the time of shipment increased in 
value when there was an appreciable air-space in the storage bottle, but fell 
when the bottle was full and air was excluded. 

These differences were accentuated when air was replaced by oxygen and 
was then possible to find marked differences not only in mechanical stability 
time but also in the volatile fat acid content of the latexes. The increase of 
volatile fat acid content of the samples stored in the absence of air was much 
greater than in the sample stored in the presence of oxygen. The fall of me- 
chanical stability in the absence of air is ascribed to the formation of increasing 
quantities of salts, such as ammonium acetate. In the presence of oxygen, the 
rate of formation of salts of this type is very much less, and at the same time 
other changes take place which lead to a marked increase of mechanical stability. 
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COMPARISON OF DIFFERENT VISCOMETERS FOR 
MEASURING THE VISCOSITY OF LATEX * 


(Miss) M. BoucHEerR 


Frencu Russer Inerirure, Parts, France 


INTRODUCTION 


Since latex is a non-Newtonian and thixotropic liquid, certain difficulties 
are encountered in measuring its viscosity, and the results depend on the ap- 
paratus used for the measurements It seemed, therefore, of interest to com- 
pare some of the models now being used and thus to obtain a more definite idea 
of their possible uses 

To this end we have examined some results obtained with the falling-ball 
viscometer, which has become the standard in France, the Brookfield viscom- 
eter, and the Epprecht-Drage viscometer. Before entering into a description 
of these types of apparatus, it may be helpful to outline briefly some of the basic 
concepts of viscosity’ 

Let us consider, in a liquid, two parallel elements of its surface, S, e distant 
apart, and these two elemental surfaces separated by a liquid. To displace 
one of the surfaces at a velocity v parallel to the other surface, a definite force F 
which depends on the nature of the liquid must be exerted 

At the same time, the liquid elements between the two surfaces are displaced 
parallel to themselves at a continuously varying velocity (from v to 0) in a per- 
pendicular direction 

Consequently, at each point of the liquid between the surfaces there is a 


dt ; : , ——. 
velocity gradient, ie’ which is a function of F and 8S. These different param- 
ae 


eters are related in the following way: 


dt 


S 
” de 


where n, a characteristic factor of the substance, is called the coefficient of vis 
cosity and is generally measured in poises 
dv 


Let us consider the relation: F = 7 ie? better, the function 
ade 


dv 
FP (1) 
de n 


If the relation is linear,nis constant and is a measure of the angle between the 
line (1) with the Y-axis (Figure 1). Fluids conforming to this condition are 
called normal or Newtonian ones 

In most cases, however, and such is the case with latex, the relation (1) is 
not a linear one 


* Prepared for publication in Russer Cuemisrrny ann Tecunotooy om the French and Engliah 
versions of the article in the Revue Générale du Caoutchouc, V a3. No pages 435-341 in Freneh and 
pages 362-367 in English, April 1956 
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dv 
de 








dt . 
In other words, for each value of ; (or F) there corresponds a variable 
“fe 
value, and the liquid is said to be non-Newtonian. For latex, the curve 
at 


; f (t) is shaped approximately like curve (II) in Figure 1, and for each 
“ue 
value of F there is a viscosity value expressed by the angular coefficient of 
straight lines such as OM 

However, with a sufficiently high velocity gradient, the function may be 
considered as linear and the viscosity coefficient q is then practically constant 
This limiting viscosity coefficient is characteristic of such abnormal liquids 

In order that viscosity measurements are comparable in such a case, the 
conditions must approximate this limiting viscosity. Moreover, since the 
viscosity is influenced by the velocity gradient, it is necessary to use a method 
which gives a constant velocity gradient at all points of the liquid and to vary 
this rate gradient considerably Only under these conditions is it possible to 
know when the limiting viscosity is reached Such conditions are realized in an 
apparatus with coaxial cylinders based on the Couette method’, Several types 
of this kind are found, but one of the most up-to-date ones is the Drage coaxial 
cylinder viscometer, described by Epprecht 


rHE DRAGE-EPPRECHT VISCOMETER 


this apparatus is given in Figure 2. The rotor includes a 
A with a cone at both ends, rotating at 20, 64, and 200 1 p.m 


inside a fixed container B, so that the thin layers of liquid in the container are 


submitted to a shearing stress 

The starter of the driving motor D is mounted on ball-bearings and stopped 
in rotation by a torsion wire KE. The torsion torque of this wire is equivalent, 
through the motor, to the torque opposing the rotation of A, and may therefore 
be measured by the rotation angle at its end. The speed is adjusted through a 
gear case © 

When A is rotating, the movement is braked down by the viscosity of the 
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liquid and a balance is established with the torsion wire. The viscosity is cal- 
culated from the rotation angle by using the calibration curves supplied with 
the apparatus. There are 15 curves for the 5 cylinders A coupled to 5 con- 
tainers B with 3 possible r.p.m 


FALLING-BALL VISCOMETER 


While the theory of the coaxial cylinder apparatus is rather simple, the case 
is different with the Hoppler type ball apparatus, in which a ball slides down 



















































































Fie. 2 Diagram of the Epprecht-Drage viscomet 





1512 RUBBER CHEMISTRY AND TECHNOLOGY 


inside an inclined tube. Although this type gives but relative values, it is 
currently used because measurements are rapid and very easy‘. 

It is sufficient to measure the time taken by a steel ball to cover a fixed dis- 
tance through the liquid in the inclined tube. This time depends on both the 
viscosity of the liquid and the density differential between the ball and the 
liquid 

n= K (d d,) t 


where d, is the density of the ball; d, the density of the liquid; ¢ the time, and 
K a constant which depends on the apparatus, especially the respective diam- 
eters of the ball and tube 

By calibrating previously with a liquid of known viscosity (measured with 
an apparatus giving absolute values) it is possible to calculate the coefficient K 
for a given ball and therefore to measure the viscosity of any liquid. 

While no difficulties are encountered with Newtonian liquids, the case is 
different with abnormal liquids, for which value 7 depends on the value of t, so 
that different 7 values are found for the same liquid with different balls 


TABLE | 


COMPARATIVE VISCOSITIES OF NEWTONIAN LIQuIDS MEASURED BY THE 
BRookrielp, KerraecutT-DraGe, anv I.F.C. Viscomerers 
LFA 
Brook field Epprecht- Drage ‘ 
A a 
l Rotor no. Rotor A Rotor B 
Pa ER eens ae 
64 200 64 200 
r.p.im r.p.m r.p.m r.p.m 


Reference 
Viscosity 
19 ops 
20 cpa 
51 cp 


87 cps 


51 f 

87.5 f late] 

120 cps 120 ‘ 121 123 

410 eps ‘ 300 401 306 

379 cps é 372 381 385 374 


However, it was shown by Compagnon and tesplandy that an apparatus 
based on this principle could be used when the diameters of the tube and balls 
were carefully chosen. Choosing one diameter for the tube, they calibrated the 
unit with liquids of known viscosities. Then they determined the viscosity of 
numerous latexes and showed that, within certain limits, the values found for 
viscosity were identical, whatever the diameter of the ball, i.c., the duration of 


the fall. 

The conclusion was that under chosen operating conditions, the figures were 
fairly independent of the velocity gradient. These results were checked in 
various laboratories, and the method was standardized®. 

The apparatus includes essentially a calibrated tube of 12 to 12.3 mm. diam- 
eter, placed in a thermostatic box The time taken by the ball falling in the 
liquid to cover a distance between two marks on the tube is measured, This 


time is proportional to the viscosity under standard operating conditions. The 
coefficient of proportionality depends on the diameters of ball and tube and is 
determined by calibration with a liquid of known viscosity. 


THE BROOKFIELD VISCOMETER 


The third type is a rotating cylinder apparatus, but contrary to the Epprecht 
type described above, the rotating cylinder is moving through a theoretically 





VISCOMETERS FOR LATEX 


TABLE 2 
VISCOSITIES OF LATEXES OF DirreRENT DiLuTIONS MEASURED BY THE 
I.F.C., Epprecnut-Drace, AND BrookFiELD ViscoMETERS 


Epprec ht- Drage 
LF.C. Viscometer ———— 
K = 1.06 Rotor A Rotor B 


200 64 200 64 
Fall time Viscosity r.p.m r.p.m r.p.m 
168°°7/10 159 
105” "4 

97/10 4 

"6/10 77 

"B/10 OA 

"8/10 48 
32°°9/10 31 
217/10 20.5 
159/10 15 


infinite liquid, since the outer cylinder is replaced by a much larger latex con- 
tainer. The driving motor is linked with the cylinder through a torque-measur- 
ing device made of a spiral spring. The rotation is braked by the viscosity of 
the liquid and a balance is established with the strength of the spring 

The rotation angle of this spring is measured on a calibrated dial, so that the 
viscosity in centipoises can be determined by a simple coefficient which depends 
on both the rotation speed and the rotor diameter. Rotors of various diam- 
eters are found, and the rotor speed can vary. The diameter and r.p.m. are 
chosen and combined according to the viscosity of the liquid 


EXPERIMENTAL RESULTS 


We have first checked the viscosity of Newtonian liquids with the three 
types of apparatus: French Rubber Institute (1.F.C.), Epprecht-Drage, and 
Brookfield. The liquids were oils; their viscosities at different temperatures 
had been accurately determined by the Institut Francais du Petrole with a 
viscometer giving absolute values. The results are given in Table | 

It appears that the values given by the three viscometers do not differ by 
more than 2 per cent from the absolute values, which is quite satisfactory for 
industrial devices 


TaBLe 3 


CoMPARATIVE Viscosities oF Latex Measurep BY THE FALLING-BALL, 
Epprecut-DraGe, AND BrookFizLp VIsCOMETERS 


Epprecht- Drage Brook field 


A 


Rotor A Rotor B " Rotor I Rotor 2 


f / 
200 ““ 200 64 60 30 60 0 

Viscosity r.p.m. F.p.m r.p.m rp. p.m r.p.m r.p.m rp 
7/10 
0/10 f 19 
8/10 { ae 
5/10 3: é 3! q 4% 
5/i0 3: ‘ 4 
‘ 79 
"6/10 


"6/10 
2°°6/10 


101 
Latex + thickeners 


210 
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The measurement was then applied to latexes with widely different viscosi- 
ties obtained either by dilution or thickening 

The results are given in Tables II and III (Figure 4). The figures in Table 
II are for Gelitex, i.e., a specially thermosensitized latex with a very high viscos- 
ity under normal conditions. The values in Table III are for a latex concen- 
trated by centrifugation 

Our measurements were extended up to a viscosity of 200 centipoises, al- 
though the figures are not easily interpreted for such high values. Even with 
the coaxial-cylinder instrument, the torque of the wire is very important when 


Pia. 3.—French Rubber Institute (1.P.C.) viscometer 


the viscosity is too high, so that a larger layer of liquid must be used (with a 
smaller diameter rotor) and conditions are farther from the limiting viscosity. 
Such defects are much more marked in the Brookfield and French Rubber Insti- 
tute viscometers 

With these reservations, it appears that when using the Epprecht apparatus, 
the figures with Rotor B are higher than with Rotor A of a larger diameter. 
This is in line with the theory that as thin a layer as possible should be used to 
have a uniform velocity gradient. On the other hand, viscosity values decrease 
when the rotation speed increases, since values approach progressively towards 


the limiting viscosity. We may consider that the limiting viscosity is practi- 
cally attained with this apparatus when the viscosity values do not exceed 100 
centipoises, since the values for 64 r.p.m. and 200 r.p.m. are about constant. 
Naturally, the lower the viscosity, the more nearly alike are the values. 





VISCOMETERS FOR LATEX 1515 


On the contrary, for values over 100 centipoises, the values are markedly 
different for various rotation speeds (farther from the limiting viscosity). 

It is also noted (under 100 centipoises) that results with the French Rubber 
Institute apparatus approximate fairly well the results with the Epprecht 
(especially at 64 r.p.m.), i.e., they tend toward (but do not reach) the limiting 
viscosity. 


8 « BrookleW 


E = Epprecht 








100 10 
CENTIPOISES LFC 
Comparison of the Brookfield, Epprecht, and French Rubber Institute 

viscometers (the last as standard 


Finally, the Brookfield apparatus, even from above 30 centipoises, gives 


much higher values, particularly when the viscosity is increased. Ideal condi 


tions are, therefore, much less approximated than with the two other types 
This is a result of the Brookfield design, where the rotor is moving in an infinite 
layer of liquid; thixotropy cannot be overcome, and the velocity gradient varies 


considerably in the various layers from the center to the ends. 


CONCLUBIONS 


As far as practical results are concerned, a distinction should be made be- 
tween latex, a raw material which we try to standardize and specify, and in- 
dustrially processed latex. 
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In the first case, we try to determine one of the characteristic values of latex 
by operating as close as possible to the limiting viscosity conditions so as to 
obtain a value which is independent of the method of measurement. 

The most convenient type would, therefore, be the Epprecht-Drage appara- 
tus up to 100 centipoises, a value never exceeded with normal latexes, unless 
concentrated by evaporation. 

However, the Epprecht-Drage apparatus is too expensive for many labora- 
tories and may well be replaced by the much more economical and simple 
standard ball viscometer. The values are then quite similar to Epprecht values, 
but care should also be exercised when the velocity is above 100 centipoises, i.e., 
mostly with either thickened or filler-compounded latexes. 

For simply obtaining the viscosity of a motionless latex, the Brookfield 
apparatus may be used. On the contrary, for assessing the viscosity in the 
course of processing, when the latex is moved, i.e., when the thixotropic effect 
disappears, the best choice is either the ball or the coaxial-cylinder type. In 
any case, the results vary considerably with the conditions of measurement. 
Such conditions should, therefore, be specified; otherwise the final values can 
not be considered as valid. 


SUMMARY 


The viscosity values of different samples of latex diluted to different degrees 
were measured by means of three viscometers of different types, viz., the Brook- 
field viscometer, the Epprecht viscometer, and the French Rubber Institute 
viscometer. 

The results obtained are dependent on the type of apparatus, although within 


certain limits, the Epprecht and French Rubber Institute viscometers give ap- 
proximately the same results. The values obtained with the Brookfield viscom- 
eter are distinctly different from those with other two viscometers. 

In spite of these differences, however, each of the viscometers has a field of 
use, which is indicated and discussed. 
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author was spelled PAPAS, whereas it should have been ZAPAS. This un- 
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TECHNOLOGY, and future users of this journal will find the name ZAPAS cor- 
rectly spelled in the annual index and in future cumulative indexes. The in- 
dexes will also include the name PAPAS, which will be referred to ZAPAS. 
This should minimize any possible future confusion arising from the original 
misspelling of the name. 
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THE WFANDERBILT LABORATORY 


. Located in East Norwalk, Connecticut. 
Maintained as a development and 
technical service center in the interest 
of our customers and their efficient use 
of Vanderbilt materials for Dry Rubber, 
Latex, and Plastics Compounding. 


Products of Vanderbilt Research 
it Will Pay You to Investigate... 


SULFADS 

Ultra Accelerator with 
25% available sulfur for 
heat resistant rubber 
and Butyl compounding. 


SETSIT 9 
Accelerator for latex 
compounds. Provides 
low precure rates with 
maximum activity at 
vulcanizing temperatures. 


R.T. VANDERBILT CO., INC. 


230 Park Avenue, New York 17, N. Y. 
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News about 


B.EGoodrich Chemical aw materiais 


Ray-BOND 
ADHESIVE MADE 
WITH HYCAR 


withstands 
2,000-pound 
shear test 


A 2,000-pound shear test is given every Raybestos 
brake shoe assembly to prove sureness of the bond. 


UALITY unsurpassed by origi- 

nal equipment is guaranteed on 
Raybestos-Manhattan reconditioned 
brake shoes. The lining on every shoe 
must resist a 2,000-pound pull. 

This superior bonding is provided 
by a cement modified with Hycar dry 
rubber ... to provide a tough, con- 
tinuous adhesive film which may be 
applied uniformly. In service, the ad- 
hesive has the strength and elasticity 
to withstand impact, and excellent 
heat resistance. 

Hycar offers superior oil, water 
and heat resistance, flexibility with 
strength, superior aging poe f abra- 
sion properties. For complete infor- 
mation write Dept. ER-4, B. F. 
Goodrich Chemical Company, 3135 
Euclid Avenue, Picealendl 15, Ohio. 
Cable address: Goodchemco. In 
Canada: Kitchener, Ontario. 

B.F.Goodrich Chemical Company 


Raybestos lining segments are being pre-cemented A Division of The B.F.Goodrich Co. 
with Ray-BOND adhesive prior to assembly on 


brake shoes. af 


tevirng 
(BEGoodrich) GEON polyviny! materials © HYCAR American rubber and latex * GOOD-RITE chemicals and plasticizers « HARMON colors 
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SYNTHETIC RUBBER 


is a product of the West, too! 
I" 


Yes, even rubber ‘“‘grows”’ in the West now... at Shell 
Chemical’s rubber “‘plantation”’ in Torrance, California. 
This modern plant, one of the best equipped in the 
nation, produces a full line of butadiene-styrene type 
synthetic rubber to fill the needs of large and small 
Western manufacturers. 
No matter what your end product, you'll find that 
Shell synthetic rubber, available in a variety of solid 
types and liquid latices, can do a better job for you. 
Convenient location and diversity of product make 
Torrance ® Torrance your logical source for synthetic rubber West 
y of the Rockies. In addition, Shell’s Technical Service 
Laboratory is ready to help you find practical solutions 
for troublesome technical problems. 
Think of Torrance, California, whenever you need 
synthetic rubber. Our phone number in Los 
Angeles is FAculty 1-2340., 


SHELL CHEMICAL CORPORATION 


Synthetic Rubber Sales Division 
P.O. Box 216, Torrance, California 
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ADVERTISE m 


RUBBER CHEMISTRY 
AND TECHNOLOGY 


KEEP YOUR NAME AND YOUR 
PRODUCTS CONSTANTLY BEFORE 
THE RUBBER TECHNOLOGIST 


Aavertising rates and information about 
available locations may be obtained from 
E. H. Krismann, Advertising Manager, Rub- 
ber Chemistry and Technology, care of E. I 
du Pont de Nemours & Company, 40 East 
Buchtel Ave. at S. High St., Akron 8, Ohio. 
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$T. JOE lead-free ZINC OXIDES are available in a complete series of 
grades for rubber compounds. Quality control from ore to oxide is one 
of St. Joe’s most important production tools. This, together with 
prompt deliveries, unequalled and unbiased customer service, 


accounts for their rapidly increasing use in the industry. 


FINE PARTICLE SIZE Fos! Cure A Winomnees 





MEDIUM PARTICLE SIZE Fast Cure Green Label +42, +43 





Green Label +42A3 
MEDIUM PARTICLE SIZE Slow Cure FORA naane 


FINE PARTICLE 743 Surface Treated Black Label +20-21 








a ee ete §=Green Label + 42-21 





Black Label +20 
SPECIAL GRADES FOR LATEX [iSaiinpriatniicy amar 


Black Label + 20-21 Pell 
PELLETIZED GRADES Surface Treated Sroon tebvel #42-21 Pollote 
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MODEL STI 
MOONEY 
VISCOMETER 


Completely redesigned with 


added features that greatly 
increase ease and 
convenience of operation 


For 20 years, the Scott “NBS” Mooney Viscometer Request 
has been world-standard for the evaluation of elas- STI 
tomeric compounds in terms of Mooney Points. Over 

800 have been sold, with nearly 20% going export. BULLETIN 
The “STI” Mooney is not merely a new model, but a 

new design, with many features that facilitate pro- 

duction testing and speed operation. The Scott 

Mooney, whether NBS or the new STI, is the only 

Viscometer with the exclusive features making pos- 

sible modern methods of determining VISCOSITY, 

SCORCH and CURE characteristics. 


SCOTT TESTERS, ING. ‘o..scci ei 
coll Testers — Dtandard of the World 
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RUBBER WORLD 


LEADERSHIP THROUGH SERVICE 





RUBBER WORLD has rendered outstanding 
service to its field for over sixty-five years— 
and does so today even more effectively than 


ever before. 


For the reader this means outstanding techni- 
cal data and articles edited by technically 
trained graduate chemists with actual rubber 


production experience. 


For the advertiser this means reaching the 
men responsible for the purchase of materials 
and equipment for the production of rubber 
articles—reaching them with the largest audi- 
ted coverage of the companies, the plants, and 
the people who compromise the total buying 


power in the rubber industry. 


RUBBER WORLD 


386 Fourth Avenue, New York 16, N. Y. 
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ANTIMONY SULPHIDE 


Regular Grades for Attractive Color 
Also 


A special grade for obtaining colored 
stocks having high abrasion resistance 


RARE METAL PRODUCTS CO. ATGLEN, PENNA. 














SUPERIOR ZINC CORPORATION 
121 North Broad Street Philadelphia 7, Penna. 


ww 


Works at Bristol, Pa. 











VULCANIZED VEGETABLE QILS 
¢ RUBBER SUBSTITUTES + 


ore Ws 


ho D) 
Cc 
Og” 


CARTER BELL PRODUCTS 





REPRESENTED BY 


HARWICK STANDARD CHEMICAL CO. 


Akron — Boston — Trenton — Chicago — Denver — Los Angeles — Albertville (Ala.) 
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For full details, write our 
Technical Service Dept. 
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CARBON BLACKS 
Arogen GPF 
Easy Processing Channel Black General Purpose Furnace Black 


Asrow MPC Aromex CF 
Medium Processing Channel Black Conductive Furnace Black 


Essex SRF 


Semi-Reinforcing Furnace Black 


Aromex ISAF Intermediate 
Super Abrasion Furnace Black 
Arovel FEF 
Modulex HMF Fast Extruding Furnace Black 
High Modulus Furnace Black ; 

Collocarb 


Aromex HAF 80% Carbon Black + 20% 
High Abrasion Furnace Black Process Oil 


CLAYS 


Suprex Clay . . . « High Reinforcement 
Paragon Clay. . . . . Easy Processing 
Hi-WhiteR . . . . + « , White Color 


RUBBER CHEMICALS 


Turgum S, Natac, Butac. . . . « « + Resin-Acid Softeners 
Aktene . + « « « Accelerator Activator 


Zeolex23 ... . ; : : : i » Relaleraing White Pigment 


J. M. HUBER CORPORATION ~ 100 Park Ave., New York 17, New York 





TITANIUM PIGMENT 


CORPORATION 
111 Broadway, New York 6, N. Y. 





Subsidiary of NATIONAL LEAD COMPANY 
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VULCANOL’ 


Latex Compounds of Proven Quality 


VULCACURE’ 


AQUEOUS SUSPENSIONS OF ULTRA ACCELERATORS 


ALCOGUM 


Sodium Polyacrylate Latex Thickener and Stabilizer 


VULCARITE: 


A Series of Water Dispersions of Latex Compounding Chemicals 
oF 
Technical information and samples forwarded promptly upon request. 


ALCO OIL & CHEMICAL CORP. 


TRENTON AVE. AND WILLIAM ST., PHILADELPHIA 34, PA. 
GARFIELD 5-0621 
WEST COAST REPRESENTATIVE: NEW ENGLAND OFFICE 
Alco Oil & Chemical Corp. 
ener = yet a Sowge 610 Industrial Trust Bidg. - 
Los Angeles 58, Calif. yey 3, R 6 
LUDLOW 9-3261 ELMHURST 1-4559 














FOR SALE 


One (1) complete set of Rubber Chemistry 
& Technology in good condition. An 
exceptional buy for Industrial, Public or 
private library. 


For price and availability write: 


George E. Popp, Treasurer 

Division of Rubber Chemistry, A.C.S. 
318 Water Street 

Akron 8, Ohio FRanklin 6-4126 
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RUBBER CHEMISTRY AND TECHNOLOGY 
IS SUPPORTED BY ADVERTISING 
FROM THESE LEADING SUPPLIERS 





INDEX TO ADVERTISERS — 

Alco Oil and Chemical Corporation... . oe 

American Cyanamid Company, Organic ‘Chemicals Division.... 12 

American Zinc Sales Company.... ; ere . 82 

Cabot, Godfrey L., Inc... .. irctieulk tenia ae 

Carter Bell Manufacturing Company, The... . . 29 

Columbian Carbon Company (Opposite Table of Conte nts) . .. 20 

Du Pont, Elastomers Division (Chemicals)... .. steel 4 

Du Pont, Elastomers Division (HYPALON). aa 

Enjay, Inc sick oche les 

Goodrich, B. F., C hemical C ‘ompany (Hye: ar Division) . gabainats . 

Goodyear, Che smical Division. ‘hv asin geek we Gece 

Hall, C. P.C ompany, The..... 

Harwick Standard Chemical C ‘ompany_ - . (Inside Back ieoan 

Huber, J. M., Corporation eee OM TT ee, 

Monsanto Chemical Company... ee 

Naugatuck Chemical Division (U.S. Rubber C ompany) Chemicals 16 

Naugatuck Chemical Division (U.S. Rubber Company) Naugapol 

Neville Chemic al Company. (es pEedens 

New Jerse y Zinc Company, The. ...aeaeess. (Outside Back sas 

Pan American Refining Corporation, Pan American Chemicals 
Division... . 10 

Phillips Chemics al C ‘ompany (Philblack) (Opposite Inside Front 
Cover). Pea Tale W aatN late sh laceie 

Phillips C hemical C Yompany “(P hilpre ne ) 

Rare Metal Products Company . 

Richardson, Sid, Carbon Company... . 

Rubber Age. . areas 

Rubber World. 

St. Joseph Lead C ompany. 

Scott Testers, Inc ane 

Sharples Chemicals, Inc... . . 

Shell Chemical Corporation 

Southern Clays, Inc. 

Stamford Rubber Supply C company. A 

Sun Oil Company, Sun Petroleum Produc ts (Opposite Title Page) 18 

Superior Zinc Corporation. Ae cee REN ecu take ae 

Titanium Pigment Corporation. . 31 

United Carbon Company. ....+......(Inside Front Cover) 

Vanderbilt, R. T. Company. ahs 

Velsicol Chemical C Jorporation, Industrial Division. 

Witco Chemical Company. 
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Essential Reading 


for Rubber Men— 





RUBBER: 
Natural & Synthetic 
By H. J. STERN 


New text book on Production 
and Processing including Com- 
pounding Ingredients, Machin- 
ery and Methods for the 
Manufacture of various Rubber 
Products. 


200 Illustrations—491 Pages 


$12.00* Postpaid 
(Sold Only in U.S. and Canada) 


LATEX 
IN INDUSTRY 


By ROYCE J. NOBLE, Ph.D. 


Second Edition of this well- 


known Text Book on Latex. 


912 Pages—25 Chapters 


Bibliography—lIndexed 


$15.00* Postpaid in U.S. 
$16.00 All Other Countries 





RUBBER 
RED BOOK 


Directory of the 
Rubber Industry 
Contains Complete Lists of Rub- 
ber Manufacturers and Suppliers 


of Materials and Equipment, 


Services, etc. 
Tenth Issue—1955-—56 Edition 


$10.00* Postpaid 





RUBBER AGE 


The Industry’s Outstanding 


Technical Journal Covering the 
Manufacture of Rubber and 


Rubberlike Plastics Products. 


SUBSCRIPTION RATES 
U.S. Canada Other 
1 Year ..$5.00 $5.50 $6.00 
2 Years 7.50 8.50 9.50 
3 Years . 10.00 11.50 13.00 


Single copies (up to 3 months) 50¢ 
Single copies (over 3 months) 75¢ 





PALMERTON PUBLISHING CO., INC. 
101 West 3lst St., New York 1, N. Y. 


(*) Add 3% Sales Tax for Copies to New York City Addresses 








RUBBER CHEM. & TECH. 


Oct.—_Dec. 1956 





For EXTRA-HIGH resistance 
to deterioration, make your 
products with 


HEAT-RESISTANT—H Y PALON showsun- 
usual resistance to hardening at elevated 
temperatures (250°-350°F.). Ask for Re- 
ports BL-262, BL-267 and BL-306. 


OZONE-RESISTANT— Exposure to ozone 
concentrations up to 150 ppm—a mil- 
lion times atmospheric concentrations 
—have shown that compounds of 
HYPALON are unaffected by ozone. 
Ask for Report BL-269. 


WEATHER -RESISTANT — Compounds of 
HYPALON, either brightly colored or 
black, do not lose their physical proper- 
ties or appearance during long outdoor 


exposure. Ask for Report BL-274. 


CHEMICAL-RESISTANT — Concentrated 
sulfuric acid and hypochlorite solutions 
have little or no effect on compounds of 
HYPALON. Their superior resistance 
to oxidizing agents is a distinct advan- 
tage over other rubber compositions. 
Ask for Reports BL-261 and BL-271. 


In addition, HYPALON offers su- 
perior scuff and abrasion resistance, and 
oil and grease resistance. Properly com- 
pounded vulcanizates of HYPALON 
will not support combustion and will 
resist flex cracking and crack growth. 


The general story of HYPALON is given in Report No. 55-3 
HYPALON 20 is discussed in Report No. 55-5 


Ask our District Offices for the reference reports if you don’t have them, 


E. I. pu Pont DE Nemours & Co. (INc.), ELASTOMERS DIVISION 


Akron 8, Ohio, 40 E. Buchtel Ave 


DISTRICT OFFICES: 
POrtage 2-8461 


Atianto, Ga., 1261 Spring St., N.W......... e+ ++. TRinity 5-5391 


Boston 10, Mass., 140 Federal St 


HAncock 6-1711 


Charlotte, N. C., 427 W. 4th St...........- «+ +FRanklin 5-5561 


Chicago 3, Ill., 7 South Dearborn St 


ANdover 3-7000 


Detroit 35, Mich., 13000 W. 7-Mile Rd 
Houston 25, Texas, 1100 E. Holcombe Blvd 


"t6 us eat orf 


Los Angeles 58, Calif., 2930 E. 44th St 


Trenton 8, N. J., 1750 No. Olden Ave.........05. EXport 3-714] 


BETTER THINGS FOR BETTER LIVING 
. +. THROUGH CHEMISTRY 





In New York call WAlker 5-3290 


In Canada contoct: Du Pont Company of Canada Limited, 


Box 660, Montreal. 





panssisst nifor mily | 


You can depend upon the Precision char- | 
acter of Harwick Standard Chemicals re- i 
gardless of the quantity requirement . | 
Here is dependable assurance of uniformity | 


rubber and plastics to give certainty in 


in any type compounding material for | 
product development and production runs. j 


Our services are offered in co- 
operative research toward the 
application of any compounding 
material in our line to your 


production problems. 


HARWICK Sanbans CHEMICAL Co. 


AKRON 5, OHIO 


BRANCHES: BOSTON, TRENTON, CHICAGO, LOS ANGELES 





. 


You can HORSE 


volaanleliohia 


HEAD 
FASTER... 7INC 





MLTR OYIDES 





FORMULATE FASTER! 


..+ Because the Horse Head line comprises the most 
complete family of Zinc Oxides for rubber: 

1. It is the only line having such a wide range of particle 

sizes, surface conditions and chemical compositions. 

2. Its conventional types cover the range of American 

and French Process oxides. 

3. Its exclusive types include the well-known Kadox 

and Protox brands. 

That means you need not waste time adapting a single 
Zinc Oxide to each specific compound. Instead, just choose 
from the Horse Head line the Zinc Oxides that best meet 
your needs. bs 


FORMULATE BETTER! 


h 
..+ Because you need to compromise less when you 
choose from the wide variety of Horse Head Zinc Oxides. 
..- Because the Horse Head brands can improve the 
properties of your compounds. 
ear after year, for nearly a century, more rubber 
manufacturers have used more tons of 2 os Head Zinc 
Oxides than of any other brands. 


THE NEW JERSEY ZINC COMPANY 


Producers of Horse Head Pigments 
. .. the most complete line of white pigments — 
 omttine | Titanium Dioxides and Zinc Oxides 


160 Front Street, New York 38, N. Y. 





